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Dear Participants,

It is our great pleasure to welcome you to the 11th Quantum Optics Conference. We 
are delighted to have you with us and hope you will feel at home both in Kraków and 
within the historic walls of the Jagiellonian University.

Held every four years since 1985, the Quantum Optics Conference began as a unique 
forum uniting scientists from both sides of the Iron Curtain. In the decades since, it has 
grown into a meeting devoted to quantum and nonlinear optics, cold-atom physics, 
and quantum information theory – in both their theoretical and experimental dimen-
sions. Throughout its history, the conference has been enriched by the presence of 
world-class experts, ensuring its high scientific standard, as well as by numerous PhD 
students and early-career researchers for whom it has often been a gateway to a suc-
cessful scientific journey.

This year’s edition is a particularly special one: it marks the 40th anniversary of the 
conference and its first visit to Kraków. To celebrate, we will gather in the historic lec-
ture halls of Poland’s oldest university, founded in 1364 – spaces once frequented by 
Polish kings and Nicolaus Copernicus himself. Many sessions will take place in these 
remarkable surroundings, while the Collegium Novum will host our lunches, coffee 
breaks, and poster sessions, offering the perfect setting for stimulating discussions 
and valuable connections.

We are confident that the city of Kraków, with its rich cultural heritage and distinctive 
atmosphere, will provide unforgettable experiences to complement the scientific pro-
gram.

We warmly welcome you and wish you a productive, engaging, and inspiring confer-
ence.

The Conference Organizers
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Monday
09:00 am - 09:20 am	 Opening
09:20 am - 10:00 am	 Peter Zoller 

Quantum Material Design with Programmable Quantum Simulators
10:00 am - 10:40 am	 Stefan Willitsch 

Quantum technologies for trapped molecular ions
10:40 am - 11:00 am	 Max Bergerhoff 

Quantum repeater applications with two co-trapped 40Ca+ ions
11:00 am - 11:30 am	 Coffee break
11:30 am - 12:10 pm	 Jun Ye 

Quantum science and clocks
12:10 pm - 12:50 pm	 Michał Zawada 

Fundamental physics with ultra-stable optical cavities
12:50 pm - 01:10 pm	 Vasiliy Makhalov 

In situ observation of supersolid dynamics in a spin-orbit-coupled Bose	
-Einstein condensate

01:10 pm - 02:40 pm	 Lunch
02:40 pm - 03:20 pm	 Morgan Mitchell	  

Quantum sensing and quantum optics with extraordinarily coherent spin
03:20 pm - 04:00 pm	 Maciej Kowalczyk 

Generation and applications of single-cycle mid-infrared laser pulses
04:00 pm - 04:20 pm	 Jan Krzyżanowski 

Enabling hybrid two-photon interference with a time lens
04:20 pm - 04:50 pm	 Coffee break
04:50 pm - 05:30 pm	 Jan Chwedeńczuk 

Conveyor belt for quantum information
05:30 pm - 05:50 pm	 Paweł Cieśliński 

Unmasking the Polygamous Nature of Quantum Nonlocality
05:50 pm - 06:10 pm	 Karol Łukanowski 

Quantum Security of Optical Key Distribution
06:30 pm - 08:00 pm	 Poster session
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Bounded-Error Quantum Simulation  
via Hamiltonian and Lindbladian Learning 

P. Zoller*1 
1.Institute for Theoretical Physics, University of Innsbruck, and IQOQI, Austrian Academy of Sciences, Innsbruck, Austria 

Quantum simulators promise efficient solutions to complex many-body problems beyond classical capabilities. 
However, transforming these devices into reliable computational tools requires not only the estimation 
of observables but also the provision of rigorous, trusted error bounds. This is particularly critical for analog 
quantum simulators, which, despite their scalability and native implementation of target Hamiltonians, lack 
quantum error correction. We present a general framework for bounded-error quantum simulation, applicable 
across diverse platforms, and demonstrate its implementation in a trapped-ion analog quantum simulator 
performing real-time quench dynamics. Our protocol proceeds in two stages: First, we employ high-precision 
black-box learning to experimentally characterize the system’s Hamiltonian and, where applicable, 
the Lindbladian governing Markovian dissipation, capturing statistical uncertainties via a Bayesian error model. 
Second, the simulator is used as a computational device to predict many-body observables, with rigorous error 
bounds derived from the uncertainties in the learned model. These bounds enable both verification in classically 
accessible regimes and trusted predictions beyond classical reach, thereby establishing a path toward 
quantitative, certifiable analog quantum simulation. 
 

 
*Corresponding author: peter.zoller@uibk.ac.at 
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Quantum technologies for trapped molecular ions
S. Willitsch*1

1Department of Chemistry, University of Basel, Klingelbergstrasse 80, 4056 Basel, Switzerland

Molecules are quantum systems of prime significance in a variety of contexts ranging from physics over chem-
istry to biology. In spite of their importance, the development of quantum technologies for molecules has remained
a long-standing challenge due to their complex energy-level structures. Trapped molecular ions are particular at-
tractive in this context as it is possible to observe, manipulate and control single isolated molecules under precisely
controlled conditions. In the talk, we will highlight new experimental methods for the detection, preparation and
manipulation of the quantum states of single trapped molecular ions and discuss applications of these techniques
in the realms of precision molecular spectroscopy, quantum science and chemistry.

*Corresponding author: stefan.willitsch@unibas.ch
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Quantum repeater applications with two co-trapped 40Ca+ ions
M. Bergerhoff1, P. Baumgart1, O. Elshehy1, J. Meiers1, S. Kucera1,2, J. Eschner*1

1Experimentalphysik, Universität des Saarlandes, 66123 Saarbrücken, Germany
2Luxembourg Institute of Science and Technology (LIST), 4362 Belveaux, Luxembourg

The quantum repeater (QR) [1] is a fundamental building block for the realization of large-distance quantum net-
works. By dividing a transmission link into segments of entangled quantum memories and cells of asynchronously
entangled photons [2], it is possible to overcome the exponential loss of direct transmission.

We report on the implementation of a quantum repeater cell with free-space coupled photons from two 40Ca+

ions in the same Paul trap as memories. Ion-photon entanglement is generated asynchronously by controlled
emission of single photons from the individually addressed ions into separate single-mode fibers. Photon-photon
entanglement with 77.8(6)% average fidelity is then generated by a Mølmer–Sørensen gate and state projection on
the ions. The advantage of this protocol is highlighted by a 100-fold improvement of the photon pair probability
compared to a synchronously operated QR cell, resulting in a single-attempt probability of 9.76(2) · 10−5 and a
rate of 11.34(2) s−1 for detecting a photon pair [3].

The QR segment is required to connect QR cells and to form a QR link. We show the implementation of a
QR segment in the same setup with two 40Ca+ quantum memories that are entangled by entanglement swapping
of free-space coupled single photons after previously generating ion-photon entanglement as shown in Fig. 1 (a).
Entanglement of the two memories is proven by a parity measurement using two π/2 rotation pulses on the ions
after photonic coincidence detection. The parity oscillation displayed in Fig. 1 (b) shows a peak-to-peak value of
1.6(1), while a value larger than one is sufficient to prove entanglement [4]. We achieved an entanglement rate of
2.61 per hour.

In preparation for quantum repeater applications in the real world, quantum communication protocols including
photon-photon entanglement, ion-photon entanglement and quantum state teleportation using a parametric down-
conversion source of entangled photon pairs and a single 40Ca+ ion in combination with polarization-preserving
quantum frequency conversion from the ionic wavelength to the telecom C-band, as well as polarization compen-
sation, have been demonstrated over the 14.4 km Saarbrücken urban fiber link which is shown in Fig. 1 (c) [5].

(a) (b) (c)

Fig. 1: (a) Relevant level scheme of the 40Ca+ ion with Zeeman sublevels for generation of ion-photon entanglement, showing excitation and
emission paths. (b) Parity measurement in dependence of the phase of the second π/2 pulse. Measured data points are shown in black. The
red line is a sinusoidal fit with its uncertainty as red shading. (c) Map of the fiber link across Saarbrücken [5].

In this context, a new ion trap setup with integrated sub-mm cavity for increased generation and collection
probability of the photons is presented. It will improve the scaling behavior of the QR cell and enables quantum
repeater protocols over the fiber link despite the losses of the link. It will also allow to macroscopically separate
the memories by individually trapping ions in different traps for full realization of a QR segment.

References
[1] H.-J. Briegel et al., Quantum Repeaters: The Role of Imperfect Local Operations in Quantum Communication, Phys. Rev.
Lett. 81, 5932 (1998)
[2] P. van Loock et al., Extending Quantum Links: Modules for Fiber- and Memory-Based Quantum Repeaters, Adv. Quantum
Technol., 3: 1900141 (2020)
[3] M. Bergerhoff et al., Quantum repeater node with free-space coupled trapped ions, Phys. Rev. A 110, 032603 (2024)
[4] L. Slodička et al., Atom-Atom Entanglement by Single-Photon Detection, Phys. Rev. Lett. 110, 083603 (2013)
[5] S. Kucera et al., Demonstration of quantum network protocols over a 14-km urban fiber link, npj Quant. Inf. 10, 88 (2024)

*Corresponding author: juergen.eschner@physik.uni-saarland.de
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Quantum system engineering for clocks and fundamental physics 

Jun Ye 
JILA, National Institute of Standards and Technology and University of Colorado 

Boulder, Colorado 80309-0440, USA 
 
Laser and quantum sciences have fueled revolutionary developments in atomic, molecular, and fundamental 
physics. Quantum state engineering and many-body physics are providing coherent quantum systems at 
increasingly large sizes, revolutionizing the performance of clocks and metrology and promising new discovery 
opportunities. Quantum technology has brought many thousands of atoms to minutes-long coherence times, it is 
now also knocking on the door of nuclear physics, heralded by the recent breakthrough of quantum-state-
resolved laser spectroscopy of thorium-229 nuclear transition. These progresses in quantum metrology provide 
new tools for quantum sensing, and raise the prospect of using quantum sensors to search for new physics 
beyond the standard model and probe the interface of gravity and quantum mechanics. 
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Fundamental physics with ultra-stable optical cavities
M. Zawada*1

1Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadzka 5,
PL-87-100 Toruń, Poland

Table-top-size ultra-stable Fabry-Pérot optical cavities from the state-of-the-art optical atomic clocks provide data
that can be post-processed in search for various fundamental physics phenomena, and also for new physics beyond
the standard model. Here, I present two examples: detecting gravitational waves [1] and testing hypothesis of
space-time fluctuations [2].

The first generation of gravitational waves (GWs) detectors was based on mechanical resonance in large alu-
minium cylinders triggered by a gravitational wave flying through the detector [3]. These types of GWs detectors,
so-called Weber bars, were operating connected in a worldwide network. Unfortunately, despite superb stable
operation and perfect reduction of noises in the resonant-mass bar detectors, so far, there is no evidence of GWs
events observed by acoustic resonance [3].

Optical cavities from optical atomic clocks can serve as bar GWs detectors for frequencies higher than 2 kHz.
The 2-20 kHz range of the GWs spectrum can be accessed with instruments less than 2 metres in size. The
materials and properties of the proposed cavities are in the grasp of today’s technology. The ultra-stable optical
cavities allow detection not only of predicted gravitational wave signals from such sources as binary neutron star
mergers and post-mergers, subsolar-mass primordial black-hole mergers, and collapsing stellar cores but also of
new physics beyond the standard model, looking for ultralight bosons such as QCD axions and axion-like particles
formed through black hole superradiance.

It is expected that both the relativistic theory of gravity and quantum mechanics fail to describe physical
phenomena at the Planck scale [5,6]. Many theories that unify these two forces propose that spacetime experiences
quantum fluctuations at the smallest feasible distances [7,8]. This inherent fuzziness, sometimes called space-
time foam, fundamentally restricts the precision of length measurements, potentially limited to the Planck length
lP [9,10]. As a consequence, the ultimate constraint in distance measurements should be attributed to quantum-
gravity-induced fluctuations, and that also applies to frequency stability of the ultra-stable Fabry-Pérot optical
cavity mode [11]. Therefore, knowledge of the noise budget of a set of independent ultra-stable optical cavities
gives the limit for the quantum-gravity-induced amplitude fluctuation.

References
[1] M. Narożnik, M. Bober, and M. Zawada, Phys. Lett. B 846, 138260 (2023).
[2] M. Narożnik, et al. in preparation.
[3] J. Weber, Phys. Rev. 117, 306 (1960).
[4] B. Abbott, et al., Phys. Rev. D 76. 0220001 (2007).
[5] C. Kiefer, Quantum Gravity Oxford University Press UK, (2004).
[6] G. Amelino-Camelia, Living Reviews in Relativity 16, 5 (2013).
[7] G. Calcagni, M. Ronco, Nuclear Physics B 923, 144 (2017).
[8] H. Ziaeepour, Symmetry 14, 58 (2022).
[9] J. A. Wheeler, Rev. Mex. Fı́s. 23, 1 (1974).
[10] S. W. Hawking, Nucl. Phys. B 144, 349 (1978).
[11] G. Amelino-Camelia, Nature 398, 216 (1999).

*Corresponding author: zawada@fizyka.umk.pl
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In situ observation of supersolid dynamics in a spin-orbit-coupled
Bose-Einstein condensate

V.B.Makhalov*1, C.S.Chisholm1, S.Hirthe1, R.Ramos1, R.Vatré1, J.Cabedo2, A.Celi2, and L.Tarruell†1,3
1ICFO - Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology,

08860 Castelldefels (Barcelona), Spain
2Departament de Fı́sica, Universitat Autònoma de Barcelona, E-08193 Bellaterra, Spain

3ICREA, Pg. Lluı́s Companys 23, 08010 Barcelona, Spain

Spin-orbit-coupled Bose-Einstein condensates are a versatile experimental platform to engineer quantum many-
body systems. In particular, they host the so-called stripe phase - an instance of a supersolid phase of matter. This
exotic phase breaks both the gauge and continuous translational symmetries and features a peculiar excitation spec-
trum. The stripe phase appears as a superfluid with one-dimensional density modulation - a series of stripes. Both
the in situ observation of density modulation and the excitation spectrum of the stripe phase have so far remained
out of experimental reach.

Here we report on achieving these goals. We prepared a mixture of Bose-Einstein condensates of two spin states
of potassium (41K), coupled via a two-photon Raman transition. By harnessing the tunable interaction properties
of ultracold 41K, we realized a stable stripe phase that persists at coupling regimes with strong density modulation
contrast. Using a matter-wave lensing technique to magnify the density pattern, we achieved in situ imaging of
the stripes. We excited the collective modes of the system by quenching the Raman coupling strength. This
allowed us to address both superfluid and crystal-like aspects of supersolids. Namely, we observed particle flow
between the stripes as well as a stripe compression mode - an oscillation of the density modulation period - which
unambiguously demonstrates the compressibility of the crystalline structure. We located the phase transition from
the supersolid to an unmodulated superfluid through frequency softening of the compression mode. Moreover,
by exploiting the Feshbach resonances of 41K, we were able to tune the interactions in the system and shift the
phase transition point. Our results establish spin-orbit-coupled supersolids as a powerful platform for exploring
supersolidity and its rich dynamics.

*Corresponding author: vasiliy.makhalov@gmail.com
†Corresponding author: leticia.tarruell@icfo.eu
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How well does quantum physics allow us to measure weak fields ?
Morgan W. Mitchell*1,2,

1ICFO – Institut de Ciències Fotòniques, The Barcelona Institute of Science and Technology,
08860 Castelldefels (Barcelona), Spain

2ICREA – Institució Catalana de Recerca i Estudis Avançats, 08010 Barcelona, Spain

Fundamental physics has motivated much work in quantum optics, for example generation of squeezed light to use
in interferometric gravitational wave detectors and deep studies of the problem of phase estimation, often described
as the core problem of quantum sensing. In the post-Higgs era, fundamental physics increasingly employs precision
measurements to search for physics beyond the Standard Model. This motivates work on precise detection of weak
fields, which can signal the existence of as-yet-undetected particles and forces. Detection of the magnetic field is a
paradigmatic example of field detection, for which there is abundant practical experience and - for specific sensors
- model-based quantum sensitivity limits. These field-sensing limits look very different from phase estimation
limits: . For example, color-centre ensembles [1] and atomic vapors [2] are known to have sensitivity limited
by the volume of the region over which the sample is measured, with no dependence on a quantum information
resource like particle number. For dc-SQUIDs, a similar limit concerns the area over which the flux is measured
[3]. Until recently, all demonstrated dc field sensors obeyed a geometric limit of this kind, see Figure 1. I will
describe what is and is not known about such limits [4], describe recent work on exotic sensor technologies without
such limits [5] and a planned experiment to apply an exotic field sensor to searches for new physics [6].

Fig. 1: Demonstrated magnetic sensitivities for “dc” field sensing (defined here as sub-kHz) and effective volume
V of the sensed region, for a variety of technologies adapted from Palacios et. al. Rev. Mod. Phys. 2020 [4].
The green line shows the so-called “energy resolution limit” ER ≡ 〈δB2〉V T/2µ0 = h̄, where 〈δB2〉 is the
mean-squared error of the measurement, T is the duration, and µ0 is the permeability of free space.

References
[1] Morgan W Mitchell. Scale-invariant spin dynamics and the quantum limits of field sensing. New Journal of

Physics, 22(5):053041, may 2020.

[2] Ricardo Jiménez-Martı́nez and Svenja Knappe. Microfabricated Optically-Pumped Magnetometers, pages
523–551. Springer International Publishing, Cham, 2017.

[3] Claudia D. Tesche and John Clarke. dc squid: Noise and optimization. Journal of Low Temperature Physics,
29(3):301–331, 1977.

[4] Morgan W. Mitchell and Silvana Palacios Alvarez. Colloquium: Quantum limits to the energy resolution of
magnetic field sensors. Rev. Mod. Phys., 92:021001, Apr 2020.

[5] Silvana Palacios Alvarez, Pau Gomez, Simon Coop, Roberto Zamora-Zamora, Chiara Mazzinghi, and Mor-
gan W. Mitchell. Single-domain Bose condensate magnetometer achieves energy resolution per bandwidth
below h̄. Proceedings of the National Academy of Sciences, 119(6):e2115339119, 2022.

[6] Pau Gomez, Ferran Martin, Chiara Mazzinghi, Daniel Benedicto Orenes, Silvana Palacios, and Morgan W.
Mitchell. Bose-einstein condensate comagnetometer. Phys. Rev. Lett., 124:170401, Apr 2020.

*morgan.mitchell@icfo.eu
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Generation and applications of single-cycle mid-infrared laser pulses 
M. Kowalczyk*, K. Suliga, J. Jaworski, M. Pietrzak, D. Tomaszewska-Rolla, J. Sotor 

Laser & Fiber Electronics Group, Faculty of Electronics, Photonics and Microsystems, 
Wrocław University of Science and Technology, Wybrzeże Wyspiańskiego 27, 50-370 Wrocław, Poland 

Quantum optics has traditionally been associated with experiments involving weak optical fields, often limited to 
a few-photon regime. However, recent studies have demonstrated that macroscopic quantum states of light can 
be generated with intensities high enough to drive extreme nonlinear processes. Notably, the high-harmonic 
generation driven by a bright squeezed vacuum [1] and the observation of quantum effects in attosecond 
science [2] suggest that laser sources producing ultrashort laser pulses comprising of a mere few cycles of 
electric field [3] can open new frontiers in quantum optics. The workhorse for these breakthrough experiments 
has been a Ti:sapphire laser technology, which, however, is inherently limited to the near-infrared spectral range. 
Here, we present a source of controllable single-cycle mid-infrared (mid-IR) laser pulses based on Cr:ZnS/Se 
lasers, often referred to as the "Ti:sapphire of the mid-IR" [4]. This technology provides a promising platform for 
exploring ultrafast quantum phenomena in the longer wavelength domain. 

 
Fig. 1: (a) Optical spectrum and (b) temporal pulse profile measured by a frequency-resolved optical gating 

technique (FROG). 

Our laser source is based on a Kerr-lens mode-locked Cr:ZnS laser oscillator delivering 30 fs pulses at 
25 MHz repetition rate. We reached an average power of 650 mW with a record-low relative intensity noise 
(RIN < 0.005%) stemming from an optimized pump source [5]. The oscillator output was spectrally-broadened 
to a two-octave-spanning bandwidth (Fig. 1a) in a single TiO2 plate without the need for pre-amplification, 
which allowed to maintain ultralow noise operation. After the broadening stage, the pulses can be temporally 
compressed by dielectric dispersive mirrors down to 7 fs, a duration equivalent to a single electric field 
oscillation at the central wavelength of 2.3 μm [6] (Fig. 1b). Subsequently, the laser was actively stabilized to 
a carrier-envelope phase (CEP)-stable frequency comb. We propose a novel approach for CEP-stabilization 
based on an intracavity Pockels modulator, which allowed us to reach an unprecedented phase stability with sub-
5-attosecond jitter. The output of our low-noise frequency comb producing single-cycle mid-infrared light pulses 
can be harnessed for further nonlinear down-conversion into the longer wavelength range down to 12 μm [7] 
with potential applications in field-resolved spectroscopy of biological samples [8]. Given its technical 
capabilities, we believe that single-cycle Cr:ZnS/Se lasers can become a true successor to the Ti:sapphire laser 
technology, offering a unique tool also for advancing ultrafast quantum optics into the mid-IR domain. 

References 
[1] A. Rasputnyi et al., "High-harmonic generation by a bright squeezed vacuum," Nat. Phys. 20, 1960–1965 (2024). 
[2]  M. Sennary et al., "Ultrafast quantum light uncertainty dynamics in real time," arXiv preprint arXiv:2412.08881 (2024). 
[3]  L. Cruz-Rodriguez et al., "Quantum phenomena in attosecond science," Nat. Rev. Phys. 6, 691–704 (2024). 
[4] S. Mirov et al., "Frontiers of mid-IR lasers based on transition metal doped chalcogenides," IEEE J. Sel. Top. Quantum Electron. 24, 

1601829 (2018). 
[5] M. Kowalczyk, I. Davydenko, J. Sotor, "SESAM-assisted Kerr-lens mode-locked Cr:ZnS laser," Opt. Lett. 49, 5184-5187 (2024). 
[6]  M. Kowalczyk, N. Nagl, P. Steinleitner et al., "Ultra-CEP-stable single-cycle pulses at 2.2 µm," Optica 10, 801-811 (2023). 
[7] P. Steinleitner, N. Nagl, M. Kowalczyk et al., "Single-cycle infrared waveform control," Nat. Photonics 16, 512–518 (2022). 
[8] I. Pupeza et al. "Field-resolved infrared spectroscopy of biological systems," Nature 577, 52–59 (2020). 
 
 
 

                                                             
*Corresponding author: maciej.kowalczyk@pwr.edu.pl 
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Enabling hybrid two-photon interference with a time lens
J. Krzyżanowski*1, J. Szuniewicz1, S. Kapoor1, F. Sośnicki1,2, M. Karpiński1

1Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warszawa, Poland
2Integrated Quantum Optics, Institute for Photonic Quantum Systems (PhoQS), Paderborn University, Paderborn, Germany

Single-photon indistinguishability is a crucial property for many photonic quantum technologies, as it affects the
visibility of two-photon interference [1], which is used for e.g., entanglement swapping or quantum teleportation. It
is critical for quantum information exchange between mismatched systems, like different photon source types [2].

Narrowband spectral filtering is commonly employed to restore the photon’s indistinguishability, correcting
the physical properties of single photons [2]. However, the filtering significantly decreases the number of counts.
Alternatively, an electro-optic time lens [3] was shown to enable efficient single photon pulse modification.

Here we show, for the first time, non-classical interference effect with spectral-bandwidth-converted photons.
We present a simplified experimental setup in Fig. 1(a). We start from two independent, bandwidth-mismatched
photons, generated by a spontaneous parametric downconversion (SPDC) source and spectral filtering of one pho-
ton from the pair. The spectra at this stage of experiment are presented in Fig. 1(b). The visibility of Hong-Ou-
Mandel (HOM) interference for those spectra is (4.2± 1.9)%. We present the measured HOM dip in Fig. 1(d).

We applied the time lens-based bandwidth converter to the other, spectrally broadband, photon. It compressed
the spectrum by approximately a factor of 10 to match it to the spectrum of the narrowband photon. The measured
spectra at this stage of experiment are presented in Fig. 1(c). After applying the converter we observed a HOM dip
with visibility of (63.2 ± 1.9)%, presented in Fig. 1(d). It shows that matching the bandwidths of the interfering
photons improved two-photon interference visibility from almost no visibility ((4.2 ± 1.9)%) to above the non-
classical threshold of 50%. Moreover, the transmission of the converter is about 10 times higher than that of the
employed spectral filter, highlighting the advantageous efficiency of the time lens-based converter.

The presented solution enables to efficiently integrate mismatched quantum systems, making a step towards
entangling photons from different sources and building vast quantum networks. Also it may be used to improve the
efficiency of photonic quantum computing, communication and sensing techniques that rely on HOM interference.

Fig. 1: Simplified schematic of the experimental setup (a). Blue, green and red lines indicate fiber connections. A
photon pair is produced by the SPDC source, one photon is spectrally filtered. The photons’ spectra at this stage
of experiment are presented in (b). The second, broadband photon is spectrally compressed using the time lens
based bandwidth converter. It applies a quadratic spectral phase using group-delay-dispersion (GDD) medium and
a quadratic temporal phase with an EOPM (electro-optic phase modulator). We drive the EOPM with an RF signal
from an arbitrary waveform generator amplified by an RF amplifier (not shown). The measured spectra after the
converter are presented in (c). We perform two-photon interference at a 50:50 fiber beam splitter (BS). (d) Results
of HOM interference: normalized coincidence rates between two beam splitter outputs as a function of relative
delay between the interfering photons, set by a delay line. Hong-Ou-Mandel dip after compressing the photon (for
spectra presented in (c)), blue; the dip without the bandwidth converter (for spectra presented in (b)), red.

References
[1] C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett. 59, 2044 (1987).
[2] T. Huber et al., Quant. Sci. Technol. 2, 034016 (2017).
[3] F. Sośnicki et al., Nat. Photon. 11, 53 (2017); F. Sośnicki et al., Appl. Phys. Lett. 116, 234003 (2020).
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Conveyor belt for quantum information
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This talk is focused on a lossless transfer of information across a many-body system. It will be shown that a  

single qubit can play the role of an antenna that gathers vast amounts of information from a complex system. A  

condition will be formulated  under which the antenna, far apart from the source and embedded in a many-body 

interacting medium, can still collect the complete information. A striking feature of this setup is that a single-

qubit  antenna  can  accommodate  even  the  full  signal  amplified  by  the  entanglement  of  the  source.  In 

consequence, the retrieval of this information can be performed with simple one-qubit operations on the antenna  

(which will be fully characterized) rather than multi-qubit measurements of the source. Finally,   the control over 

the system parameters that is necessary for lossless signal propagation, will be discussed.
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Unmasking the Polygamous Nature of Quantum Nonlocality
Paweł Cieśliński1, Lukas Knips2,3,4, Mateusz Kowalczyk1, Wiesław Laskowski∗1 , Tomasz Paterek1,5 ,

Tamás Vértesi6 , Harald Weinfurter1,2,3,4
1Institute of Theoretical Physics and Astrophysics, University of Gdańsk, 80-308 Gdańsk, Poland

2Max Planck Institute for Quantum Optics, 85748 Garching, Germany
3Faculty of Physics, Ludwig Maximilian University, 80799 Munich, Germany

4Munich Center for Quantum Science and Technology, 80799 Munich, Germany
5School of Mathematics and Physics, Xiamen University Malaysia, 43900 Sepang, Malaysia

6MTA Atomki Lendület Quantum Correlations Research Group, Institute for Nuclear Research, 4001 Debrecen, Hungary

Quantum nonlocality is one of the most intriguing features of quantum theory. Beginning with the famous EPR ar-
gument [1], continuing through the pioneering works of John Bell [2], and extending to various experiments [3-6],
it reveals the impossibility of a local-realistic description of quantum phenomena. The violation of a Bell inequal-
ity now serves not only as a fundamental test of statements about the nature of reality but also finds applications
in many areas of modern quantum technologies. One crucial concept in the study of quantum nonlocality is the
monogamy principle, which states that it is impossible to simultaneously violate all k-partite (k < N ) two-setting
Bell inequalities among N different parties.

Following the early findings by Scarani and Gisin [7], and later by Toner and Verstraete [8-9], this principle
became a fundamental result in the field. For three parties (A, B, C), Bell monogamy is well established: if one
pair of observers (A, B) violates the CHSH inequality, simultaneous violation by the pair (B, C) is impossible.
This result is commonly referred to as monogamy.

However, as shown in this work, the monogamy principle is not a fundamental law. Instead, it is merely a
consequence of the specific mathematical structure of certain inequalities, which are not universal. To support
this claim, we develop a systematic method for constructing Bell inequalities among N − 1 observers that do not
obey to the monogamy principle for all N > 3. Using permutation symmetry, we find that for N ≥ 5, Mermin
inequalities [10] can be simultaneously violated across all (N − 1)-qubit subsystems, with the effect increasing
exponentially with N . Even for N = 4, we identify a three-qubit inequality that allows for simultaneous violation
in all three-party subsystems. Furthermore, we present an intriguing minimalistic polygamous scenario, based
solely on bipartite correlations between all pairs of observers. We show that the simultaneous violation of all
inequalities is possible when the number of parties is N = 18.

Recognizing the practical challenges associated with generating high-fidelity quantum states in experimental
setups, we identify inequalities that are violated experimentally by noisy six-qubit Dicke states [11-12]. Thus, the
polygamous nature of quantum nonlocality is both theoretically proven and experimentally confirmed.

For the full manuscript, see [13].
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Quantum Security of Optical Key Distribution
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Protection of data transmission from unauthorized third-party access is of paramount importance in the modern,
information-driven era, and yet the physical layer of most communication systems remains susceptible to attacks
and eavesdropping. Security measures are instead delegated to digital encryption techniques, based on the belief
that certain mathematical problems are difficult to solve. These, however, may eventually break — either with the
advent of large-scale quantum computing or the invention of better classical algorithms. To remedy that, several
techniques have been developed to ensure data protection already at the level of the physical communication
channel, some of which are listed below.

Level of security

Wiretap channel
coding

Optical Key
Distribution

Prepare-and-
measure QKD

Entanglement-
based QKD

Device-
independent QKD

Ease of implementation, reliability, stability, and cost-effectiveness

Tab. 1: Physical layer security techniques.

The crown jewel of physical layer security is Quantum Key Distribution (QKD), whose goal is to generate iden-
tical, secret, and random bit sequences between two distant users. Such keys may later be used to implement
mathematically secure private key cryptography or to seed functioning digital encryption. The excellent security
of QKD stems from quantum entanglement and the no-cloning theorem for quantum states — which, at the same
time, makes it difficult to realize experimentally and even harder to implement in the existing information infras-
tructure, due to the need for high-fidelity quantum state preparation, single photon detection, or shot-noise-limited
coherent detection.

In recent years, Optical Key Distribution (OKD) has emerged as an attractive alternative to QKD [1,2] for
shared randomness generation. OKD augments physical layer security by taking advantage of the inherent shot
noise present in the photodetection process. The protocol is realized with intensity modulation and direct detection
only, making it suitable for implementation in the standardized telecommunication architecture. Moreover, the
scheme is compatible with simultaneous data transmission [3] and its low complexity allows for versatile use —
not only in optical fiber links, but in free-space transmission as well. The latter makes it a promising candidate
for safeguarding satellite networks [4] or even deep-space communication [5], both of which face stringent SWaP
(size, weight, and power) constraints.

The security level of OKD is diminished with respect to QKD due to the additional assumption that the poten-
tial malicious eavesdropper acts only passively in the channel, i.e., may collect a portion of the transmitted signal,
but does not interfere with the part that reaches the honest recipient. Passive eavesdropping is the most immediate
threat to data secrecy and covers scenarios such as collection of light leakage from optical fibers or an enemy
telescope capturing part of an optical beam that diverges out of a secured receiver perimeter due to diffraction. By
careful use of post-selection, the rate of key generation is provably positive even when the fraction of the signal
stolen by the adversary exceeds that received by the honest party. Moreover, while previous security proofs as-
sumed that the eavesdropper also implements direct detection, we have now extended the proof to the most general
quantum passive eavesdroppers — i.e., ones performing minimal-error Helstrom measurements on the collected
signal, or even optimal collective measurements that saturate the Holevo bound for accessible information [6].

This presentation will cover the physical layer security landscape, introduce the OKD protocol, discuss the
tradeoff between security and implementability, and characterize the quantum security of the scheme.
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Dipolar lattice gases in optical ladders 
L. Santos1 

1. Institut für Theoretische Physik, Leibniz Universität Hannover, Appelstrasse 2, D-30167 Hanover, Germany 
 

Dipolar gases in optical lattices offer an excellent platform for the study of the ground-state properties and 
dynamics of lattice models with strong inter-site interactions. In this talk, I will focus in particular on two-leg 
ladder models, which constitute an intermediate regime in between one- and two-dimensional systems. I will 
consider three concrete scenarios, which may be implemented in experiments, in particular with polar molecules, 
in which the dipole-dipole interactions result in qualitatively new physics. In the first one, I will show how tilting 
a square ladder along the rung direction may allow for the observation of a topological quantum floating phase in 
an effective XXZ model [1]. This phase is a topological Luttinger liquid which presents an incommensurate 
density modulation. I will then discuss the case of polar molecules pinned in a triangular ladder array. I will 
show that under currently available experimental conditions, a proper engineering of the lattice orientation and 
the polarizing electric field may result in a rich ground-state physics, including chiral Luttinger liquids, as well 
as interesting non-equilibrium dynamics [2]. Finally, I will discuss how dipolar spin models in square ladder 
arrays present a counter-intuitive dynamics, characterized by an intriguing long-lasting partially-relaxed pre-
thermalization regime in which the system is partially localized and partially equilibrated [3].  
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[1] H. Korbmacher, G. A. Domínguez-Castro, M. Łącki, J. Zakrzewski, and L. Santos, Phys. Rev. A 112, L011301 (2025). 
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Shaping of quantum light pulses for applications in quantum networks   
and beyond 

F. Sośnicki1,2, A. Golestani1, S. Kapoor1, J. Krzyżanowski1, M. Mikołajczyk1, D. B. Horoshko3,4, 
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3.Univ. Lille, CNRS, UMR 8523 – PhLAM – Physique des Lasers Atomes et Molécules, 59000 Lille, France 
4.Institut für Quantenoptik, Universität Ulm, Ulm D-89081, Germany 

 

Spectral-temporal modes of quantum light have been recognized as a promising platform for quantum 
information processing (QIP) and metrology [1,2]. Coherent modification of single-photon pulsed spectral-
temporal modes is necessary to enable efficient matching between emitters and absorbers in a quantum network 
scenario. This is due to an orders-of-magnitude mismatch between timescales and spectral bandwidths of 
quantum emitters. I will discuss experimental tools to efficiently modify the timescale and spectral bandwidth of 
single-photon pulses based on the concepts of temporal imaging, time-to-frequency and frequency-to-time 
conversion [2]. We show efficient spectral bandwidth modification by more than 2 orders of magnitude, from 
few picosecond single-photon pulses compatible with standard telecommunication channels to sub-500 MHz 
spectral bandwidths, compatible with matter-based quantum information processing platforms [3]. I will discuss 
the prospects and limitations towards more significant spectral-temporal modifications.  

These techniques can be used to manipulate the timescale of second order correlation function [4]. We 
show electro-optic temporal imaging of time-resolved second-order coherence function at single-picosecond 
timescales. We use temporal magnification by a factor of 520 to measure maximal bunching of picosecond 
pulsed multimode thermal light. We report measurement of normalized second order correlation function of 
2.02 ± 0.05 by reducing the temporal sampling intervals to below 3.5 ps. This technique may enable new 
advancements in applications of intensity correlation measurements, in particular in astronomy and quantum 
photonics. 
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Quantum Optics XI
High-Fidelity Entangling Gates and Strong Correlations in a

Fermi-Hubbard Quantum Simulator
T. Franz*1, P. Bojovic1,2, S. Wang1,2, J. Obermeyer1,2, M. Barendregt1,2, D. Tell1,2, T. Chalopin1,2,3 T.

Hilker1,2,4, I. Bloch1,2,5

1Max-Planck-Institut für Quantenoptik, 85748 Garching, Germany
2Munich Center for Quantum Science and Technology, 80799 Munich, Germany

3Laboratoire Charles Fabry, Institut d’Optique Graduate School, CNRS, Université Paris-Saclay, 91127 Palaiseau, France
4Department of Physics and SUPA, University of Strathclyde, Glasgow G4 0NG, United Kingdom

5Fakultät für Physik, Ludwig-Maximilians-Universität, 80799 Munich, Germany

Quantum simulations with ultracold atoms have opened a new frontier for exploring strongly correlated quan-
tum systems, providing insights into phenomena such as the pseudogap [1] and high-temperature superconductiv-
ity.

In this talk, I will present how we leverage optical superlattices within our quantum gas microscope to precisely
control the phase and tunneling of atoms confined in isolated double wells–the essential building blocks for digital
fermionic quantum computation [2]. Within these double wells, we realize two-particle entangling

√
SWAP-gates

with over 100 fermions, achieving a fidelity of 99.8%, and demonstrate that the entangled state remains coherent
for over 10 seconds [3]. Additionally, we demonstrate how tailored pulse sequences can disentangle spin-exchange
dynamics from coherent doublon-hole tunneling, an essential capability for constructing the gate fabrics relevant
to quantum chemistry [4].

When combined with analog simulation of the Fermi-Hubbard model, these gates will enable access to novel
observables, such as coherent pairing correlations, at the microscopic level, and offer a new perspective on the
fundamental properties of the pseudogap or of mixed-dimensional systems [5].
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Fig. 1: The Lithium Quantum Gas Microscope. a Single-site resolved image of ultracold lithium atoms loaded into an optical superlattice. b
Exponential dependence of the correlation length ξ as a function of temperature. ξ is extracted from spin-spin correlation measurements of the
antiferromagnetic order (inset). Rescaling the temperature with a doping-dependent energy scale ∆ reveals a universal scaling law. c In each
double well of the optical superlattice, we perform entangling

√
SWAP-gates using superexchange interactions J . By repeatedly applying

the gate, we extract a fidelity of 99.8%. The coherence of the entangled state created by the
√
SWAP-gate is characterized via singlet-triplet

oscillations, revealing a lifetime exceeding 10 seconds. d While the natural gate leads equally to spin-exchange and coherent doublon-hole
tunneling, these two processes can be separated by a pulse sequence. The resulting effective gate is a building block for quantum chemistry (e).
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Self organisation and metastability of cavity bosons beyond the adiabatic
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Phase-space formulations of quantum mechanics like the positive-P and truncated Wigner can give access to
the full quantum behaviour of very large systems. In particular, the full distribution of single-shot configurations
can be obtained from a stochastic simulation. This is particularly useful for dissipative systems for which direct
simulation is harder but phase space methods become stable [1].

In a recent work [2] we have looked at the very long-time behaviour and self-organisation of weakly interact-
ing bosons in a 2d optical lattice coupled to a lossy cavity, in the regime of high filling similar to experiments
at ETH [3]. The truncated Wigner representation allows us to go orders of magnitude longer in time compared to
earlier numerical work. It takes into account the dynamics and correlation of the cavity mode, quantum fluctua-
tions, and self-organisation of individual runs, and has been benchmarked by us for this system.

We observe metastability at very long times and superfluid quasi-long range order, in sharp contrast with the
true long range order found in the ground state of the Bose-Hubbard model with extended interactions obtained by
adiabatically eliminating the cavity. The metastability appears to be dependent on the relaxation of the adiabatic
elimination constraint. As the strength of the cavity coupling increases in a superfluid, the system first becomes
(lattice) supersolid at the superradiant transition and then turns into a charge-density wave via the BKT mechanism.
Notably, experimental preparation times have often been comparable with the very long times simulated here, so
the metastable effects may be relevant in practice.

Fig. 1: Behaviour of a self-organised lattice supersolid of 2d cavity bosons. Left: checkerboard density pattern;
Centre: cavity field amplitudes in the full quantum simulation (turquoise) and adiabatic elimination approach
(blue); Right: checkerboard order parameter ∆ for several runs over long times. Note the slow bistable switching
after reaching the long-time ensemble [2].
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Tests of Fundamental Physics with Spin-based Sensors
D. F. Jackson Kimball*

Department of Physics, California State University – East Bay, Hayward, CA 94542, USA

Novel interactions beyond the four known fundamental forces in nature (electromagnetic, gravitational, strong and
weak interactions) may arise due to beyond-the-standard-model physics [1,2], manifesting as discrete-symmetry-
violating electromagnetic moments correlated with particle spins [3], exotic spin-dependent forces [4], and cou-
pling of spins to ultralight bosonic dark-matter fields [5]. Experimental methods and technologies developed for
spin-based quantum sensors have rapidly advanced in recent years, and these tools enable increasingly precise
control and measurement of spin dynamics [6]. Thus spin-based quantum sensors enable new ways to search for
myriad exotic physics phenomena, and offer a methodology to test fundamental physics that is complementary to
particle colliders and large-scale particle detectors.

In this talk, we highlight several ongoing and proposed experiments searching for beyond-the-standard-model
physics using atomic magnetometers and comagnetometers [7-11], nuclear magnetic resonance [12], precision
atomic spectroscopy [13,14], and levitated precessing ferromagnets [15-18].
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Tensor networks for quantum simulation
Y. Zhang1, A. Sinha2, P. Czarnik1, M. M. Rams1, J. Dziarmaga*1, A. D. King3,...., M. H. Amin4,5

1Jagiellonian University, Faculty of Physics, Astronomy and Applied Computer Science, Institute of Theoretical
Physics, ul. Łojasiewicza 11, 30-348 Kraków, Poland

2Max Planck Institute for the Physics of Complex Systems, Nöthnitzer Strasse 38, Dresden 01187, Germany
3D-Wave Quantum Inc., Burnaby, British Columbia, Canada

4Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada

Fig. 1: Panel (a) shows PEPS tensor network on an infinite square lattice. Here every ball is a rank-5 tensor. Its red
line is a physical indices numbering states in a computational basis at its site. The black lines are virtual indices
contracting tensors at nearest-neighbor (NN) lattice sites. They carry entanglement across the system. Their (bond)
dimension D is a refinement parameter limiting the amount of allowed entanglement. Panel (b) shows application
of a NN Trotter gate to the state during a trotterized real/imaginary time evolution.

I will make a brief introduction to tensor network (TN) states and algorithms that became a method of choice
for strongly correlated quantum many body systems on a lattice in one and two dimensions. I will emphasize the
2D TN known as PEPS (pair-entangled projected state) and its two recent applications to unitary time evolution
and thermal Gibbs states.

One is the recent quantum computational advantage demonstration with the coherent D-Wave quantum an-
nealer [1], where TN served, on the one hand, as a benchmark for the quantum simulator and, on the other hand,
as the most competitive classical method that, nevertheless, in the end failed the competition with the quantum
hardware.

The other is tensor network simulation of finite temperature states in the Hubbard and t− J models – the two
paradigmatic models of high-Tc superconductivity – that proved notoriously hard to solve analytically/numerically
and, therefore, are subject to intensive experimental effort in the ultracold atoms community aiming at their quan-
tum simulation. I will present some PEPS results [2,3] down to temperatures of one tenth of the hopping rate, in the
pseudogap regime. These results, obtained directly in the thermodynamic limit, can serve as a guide/benchmark
for the current experimental efforts.
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Quantum Optics XI
Searching for dark matter with atomic Rb-K-3He comagnetometers

Daniel Gavilan-Martin*1,2, Grzegorz Łukasiewicz†3,4 , Mikhail Padniuk3, Emmanuel Klinger5, Magdalena
Smolis3, Nataniel L. Figueroa1,2, Derek F. Jackson Kimball6, Alexander O. Sushkov7,8,9,10, Szymon Pustelny3,

Dmitry Budker1,2,11, and Arne Wickenbrock1,2
1Johannes Gutenberg-Universität Mainz, 55128 Mainz, Germany
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3Marian Smoluchowski Institute of Physics, Jagiellonian University in Kraków, Łojasiewicza 11, 30-348, Kraków, Poland
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7Department of Physics, Boston University, Boston, MA 02215, USA
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10Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, MD 21218, USA
11Department of Physics, University of California, Berkeley, CA 94720, USA

Self-compensated comagnetometers, employing overlapping samples of spin-polarized alkali and noble gases (for
example K-3He) are promising sensors for exotic beyond-the-standard-model fields and high-precision metrology
such as rotation sensing. We propose and demonstrate a general method to calibrate the response of an atomic co-
magnetometer, to any possible perturbation of the atomic spins. The method uses a convenient, easy-to-implement
protocol that is experimentally verified by successfully using it to predict the comagnetometer response to rotations
[1].

We use this method to calibrate our sensitivity to an Axion-like particle (ALP) dark matter search. We search
through the ALP-nucleon interaction by interfering the signals of two atomic K-Rb-3He comagnetometers, with
one situated in Mainz, Germany, and the other in Kraków, Poland [2]. ALPs arise from well-motivated extensions
to the Standard Model and could account for dark matter. ALP dark matter would manifest as a nearly monochro-
matic field oscillating at an as of yet unknown frequency. The frequency depends on the ALP mass, which could
plausibly range from 10−22 eV/c2 to 10 eV/c2. The search extends over nine orders of magnitude in ALP mass.
In this range, no significant evidence of an ALP signal is found. We thus place new upper limits on the ALP-
neutron, ALP-proton and ALP-electron couplings reaching below gaNN < 10−9 GeV−1, gaPP < 10−7 GeV−1

and gaee < 10−6 GeV−1, respectively. These limits improve upon previous laboratory constraints for neutron and
proton couplings by up to three orders of magnitude.

λ

Fig. 1: Schematics of the comagnetometric interferometer. The two devices comprising the interferometer are
indicated in their respective locations in Mainz and Kraków. The small red arrows at the Earth surface point in
the directions of the sensor sensitivity axes. In our model, Earth is moving in the galactic rest frame at velocity
vE through the ALP DM field, characterized by its de Broglie wavelength λDB, that is more than a thousand times
larger than the Earth radius. Besides its translational motion, Earth rotates around its axis giving rise to sidereal
modulation of the signal at the frequency ωE.
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The Role of Quantum Measurements in Experimental Tests of Quantum
Gravity

Yanbei Chen*1, Daisuke Miki1, Yubao Liu2, Yiqiu Ma2
1Burke Institute for Theoretical Physics, California Institute of Technology, Pasadena, CA 91125, USA

2 Huazhong University of Science and Technology, Wuhan 430074, China

Testing the quantum nature of gravity in laboratory settings has recently become a rapidly developing field
of research. In this context, we we explore whether a classical theory of gravity can be constructed to describe
gravitational interactions between quantum systems, while still reproducing all experimental results obtained so
far. Such classical theories serve not only as “straw-man” models that can be experimentally ruled out, but also
as valuable intermediate targets: excluding them generally requires less stringent experimental conditions than
testing fully quantum theories of gravity. The central challenge in formulating a classical theory of gravity coupled
to quantum systems lies in determining how classical information can be extracted from a quantum system to act
as a source term in the gravitational field equations. Several candidate mechanisms for extracting such information
have been proposed:

(i) Taking expectation values of quantum operators;
(ii) Performing continuous quantum measurements using a sequence of ancilla systems coupled to the system;

(iii) Using information obtained directly from measurement outcomes accessible to the experimentalist.
Historically, mechanism (i) has been employed in the Schrödinger–Newton (SN) theory [1], which introduces a
nonlinear modification to the Schrödinger equation. However, nonlinearities can lead to causality violations once
quantum measurement is taken into account. We have shown that this issue can be resolved by reformulating the
SN theory using mechanism (iii), i.e., by taking expectation values over the conditional quantum state obtained
from actual measurement outcomes. This leads to what we call the Causal-Conditional Schrödinger–Newton
(CCSN) theory [2,3,4,5], which restores causality while retaining the classical character of gravity.

Notably, ancilla systems used in (ii) are conceptually similar to those invoked in objective collapse models,
such as the Continuous Spontaneous Localization (CSL) and Diósi–Penrose theories [6], which postulate that
quantum states spontaneously collapse and prevents macroscopic superpositions. If the information recorded in
these ancilla systems is used to generate classical gravitational fields, one recovers models of the type proposed
by Nimmrichter and Hornberger [7]. A more comprehensive theoretical framework for such interactions has been
developed by Oppenheim [8].

We emphasize, however, the key role played by measurement results obtained by the experimentalist, i.e.,
mechanism (iii) [9]. The persistent lack of experimental evidence for objective collapse suggests that, if such
collapses occur at all, they primarily affect the states of measuring devices rather than the quantum systems so
far constructed. In this light, it is natural to posit that classical gravity must be sourced primarily by classical
information available to the observer. This perspective reinforces the CCSN framework as a promising candidate
for describing classical gravity sourced by quantum matter. For completeness, however, one should also consider
hybrid models in which both (ii) and (iii) contribute to sourcing the classical field.

We have also applied the SN theory to analyze possible experimental implications. While examining steady-
state entanglement generation via Newtonian gravitational interactions, we found that even in a classical-gravity
setting, certain choices of steady-state measurements could produce apparent entanglement, since these choices
can be causally communicated between observers. Therefore, only loophole-free protocols — typically involving
non-steady-state, dynamically varying measurements — can unambiguously distinguish quantum gravity from
classical models.

Finally, we investigated gravitational self-interaction within the SN framework. For macroscopic objects, self-
gravity can lead to significantly stronger experimental signatures than mutual-gravity experiments. This is because
the mass of a solid object is concentrated near its lattice sites, leading to a local mass density much greater than the
object’s average density. Such microscopic inhomogeneities enhance self-gravitational effects, potentially bringing
them within reach of precision experiments in the nearer future.
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Optical metrology of atomic and molecular systems

R. Ciuryło††1

1.Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Toruń, Grudziadzka 5, 87-100 

Torun, Poland

The energetic structure of atoms and molecules is determined by the interaction between their components and  

the surrounding space. Therefore atoms can be used to look for perturbation by dark matter fields [1]. On the  

other hand, molecules are especially attractive to test  quantum electrodynamics (QED) [2] in systems more 

complex than a single atom and look for more exotic interactions like hadron-hadron fifth forces or short range 

non-Newtonian gravitation [3]. It was demonstrated that even a single optical atomic clock can be sensitive to  

coupling with a possible dark matter field [4] and the global network of such sensors was arranged [5]. Doppler 

limited cavity-ring down spectra of D2 analysed with ab initio line shape profiles [6,7] provided an accurate 

experimental test [8] of QED calculations for this system [9]. A proof-of-principle demonstration [10] of use of 

photoassociation spectroscopy of weakly bound molecules was carried with ultracold Yb2 for determination of 

constraints on fifth forces or non-Newtonian interactions between atoms. Prospects for farther improvement of 

discussed techniques can be seen in a pure frequency dispersion spectroscopy [11,12,13], development of optical 

molecular  clocks  [14,15]  and  use  of  ultracold  systems  involving  Hg  atoms  [16].  Moreover,  new areas  of 

investigations are opened by laser cooling of positronium [17,18].
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Non-classical mediators and gravitational entanglement
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We investigate generic tripartite quantum systems where two controllable probe systems, A and B, interact via
an inaccessible mediator, C, as in the figure below. A key question is how to detect non-classical properties of the
mediator and its interactions without direct access to it.

It has been shown that entanglement gain between the probes serves as a witness of non-classical correlations
with the mediator, independently of its Hilbert space dimension, interaction Hamiltonians, initial state, or exposure
to local environments [1]. Furthermore, substantial increment in quantum correlations between the probes —
whether entanglement or other quantifiers monotonic under local operations — is possible only if the interaction
Hamiltonians HAC and HBC do not commute [2,3]. We first present qualitative arguments assuming a finite-
dimensional mediator and then extend our analysis to infinite-dimensional cases [3].

A significant application of these methods lies in probing the non-classical nature of gravity and its interaction
with quantum matter. We will summarise various notions of non-classicality that have occured in the literature,
see e.g. [4-7], and will analyse the precise extent to which gravity can entangle two quantum masses. Notably,
the force gradient plays a pivotal role in gravitational entanglement generation [8]. Beyond entanglement, state
swapping via gravity is also interesting to be observed as it requires non-commuting particle-field couplings [3].
Recent arguments show that gravity can indeed facilitate such a swap [9].
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Exploring quantum computing frontier  
with programmable neutral atom systems 

M. Lukin*1 
1Department of Physics, Harvard University, Lyman Laboratory, 17 Oxford Street Cambridge, MA 02138 USA 

We will discuss recent advances in realizing programmable quantum systems using neutral atom arrays excited 
into Rydberg states. These systems allow control over several hundred qubits in two dimensions and the 
exploration of quantum algorithms with encoded logical qubits and quantum error correction techniques. Recent 
experiments using neutral atom systems have redefined this exciting scientific frontier of quantum computing. 
They herald the advent of early error-corrected quantum computation and chart a path towards large-scale logical 
processors. Examples of emerging scientific directions, in areas ranging from architectural mechanisms for 
universal fault tolerant quantum processing and many-body physics to quantum chemistry and quantum gravity 
will be discussed. 
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Quantum Optics XI
Large Scale Quantum Optical Neural Networks in a Phase-Space

Framework
A. Opala1,2, S. Świerczewski1, P. Deuar2, M. Matuszewski2,3, B. Piętka*1

1Institute of Experimental Physics, Faculty of Physics, University of Warsaw, ul. Pasteura 5, Warsaw, Poland
2Institute of Physics, Polish Academy of Sciences, Aleja Lotników 32/46, PL-02-668 Warsaw, Poland

3 Center for Theoretical Physics, Polish Academy of Sciences Aleja Lotników 32/46, 02-668 Warsaw, Poland

Quantum optical neural networks offer new perspectives for information processing beyond classical limits.
However, previous theoretical studies of bosonic optical quantum neural networks have been limited to small-
scale systems due to the exponential growth of the Hilbert space required for accurate simulations. This limitation
has significantly constrained prior research, leaving the behavior of multi-mode bosonic reservoirs largely unex-
plored. During this talk, we demonstrate how the phase-space positive-P (PPM) method [1] can overcome these
challenges by providing a robust and scalable computational framework capable of simulating large-scale bosonic
neuromorphic systems with dozens of nodes. We focus on applying PPM within the quantum reservoir comput-
ing framework-a modern approach to quantum information processing [2] inspired by artificial neural networks.
Our results show that bosonic quantum reservoir neural networks can successfully perform tasks such as quantum
state classification (see Fig.1) and feature prediction. Crucially, we find that the performance of large quantum
reservoirs does not increase monotonically with the number of bosonic modes. Instead, a complex dependence
emerges, influenced by system nonlinearity, reservoir size, and input mode occupation. We identify a key limi-
tation of large-scale quantum reservoir computing, where distributing input quantum information over too many
reservoir nodes reduces the accuracy of quantum machine learning tasks. Therefore, we introduce a structured
reservoir design and targeted optical injection to address this challenge, demonstrating how tailored configurations
can mitigate performance degradation in large-scale systems. These results provide a solid theoretical foundation
for scalable quantum-optic neuromorphic computing.

Fig. 1: Schematic illustration of a bosonic reservoir for quantum state recognition.
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Cavity-enhanced atomic magnetometer for micro-bio-magnetic
measurements
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3 ICREA - Institució Catalana de Recerca i Estudis Avançats, Passeig de Lluı́s Companys, 23, Barcelona, Spain

In optically pumped magnetometers (OPMs), an optical probe detects coherent precession of an atomic ensemble
due to a magnetic field. Commonly employed optical probes employ optical polarization rotation or optical absorp-
tion. Here we study a probe based on optical phase shifts. As a step toward optically pumped magnetometers with
sub-mm spatial resolution, we demonstrate continuous Pound-Drever-Hall (PDH) nondestructive monitoring of
the electron spin polarization of an atomic vapor in a microfabricated vapor cell within an optical planar resonator
by measuring the resulting line shift of a circularly polarized cavity mode [1]. The method appears well-suited to
improving the effective optical path in micro-fabricated atomic vapor cells, analogous to what has been done with
multi-pass geometries in macroscopic cells. The signal enhancement will be proportional to the cavity finesse, that
in our case, F ≈ 18 (for a blue detuning of 2π × 115GHz ).

In this work, we apply this PDH technique to monitor Larmor precession by recording train of Free Induction De-
cay (FID) signals for magnetometry. We study the magnetometer performance, sensitivity and stability by showing
the Allan deviation curve. Moreover, we describe the application of the OPM to study the ability of magnetotactic
bacteria (MSR-1) to orient in an external magnetic field, which along with their ability to migrate towards regions
depleted in oxygen, make MTB potential candidates for cancer treatment [2]. The described technique allows the
miniaturization of the atomic magnetometer while maintaining high optical depth and can work off-resonance and
therefore, it could potentially enable spin squeezing via quantum non-demolition (QND) measurements [3], which
can be used in the future to beat the atomic noise of the magnetometer.

Fig. 1: Experimental setup for cavity-based detection of atomic polarization. I) Polarizing coils and bacteria
solution. II) Cavity, cell and 3D printed structure. III) MEMS cell.
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ATTOSECOND LIGHT PULSES FOR STUDYING ELECTRON DYNAMICS

Anne L’Huillier

Physics Department, Lund University

Extreme Ultraviolet light sources based on high-order harmonic generation in gases are now utilized in 

various scientific fields. The radiation consists of a train of extremely short light bursts, in the 100-attosecond 

range, allowing for outstanding temporal resolution. 

Attosecond pulses enable the study of photoionization of atoms and molecules in a completely new way.  

Through the availability of a synchronized probe field and interferometric measurements, it is now possible to 

measure time delays in photoionization and the phase change of an electron wave packet across a Fano resonance. 

Recently, the use of a bicolor probe field has allowed us to perform quantum state tomography of a photoelectron. 
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Photonic Time-Crystals and Light-Matter Interactions therein  
Mordechai Segev1 

1.Department of Physics, Technion – Israel Institute of Technology, Haifa 32000, Israel 
 

Photonic Time Crystals (PTCs) are dielectric media whose refractive index is strongly modulated periodically 
in time at time scales of a single optical cycle. These systems conserve momentum but not energy, and are 
characterized by momentum bands and bandgaps where the amplitudes of their eigenmodes can increase or 
decrease exponentially [1,2]. 

The fundamentals of PTCs will be introduced along with the classical and quantum features of light-matter 
interactions in PTCs. Among these, the most notable is the emission of light in PTCs [3,4], which opens new 
avenues for making widely tuneable lasers that do not rely on any atomic resonance and draw their energy from 
the temporal modulation of the medium. Another important feature is the quantum aspects, which yield a plethora 
of fundamental features ranging from the generation of pairs of entangled photons by the modulation [3,4], the 
ability to control spontaneous emission through the temporal modulation [5], and the suggestion to create 2D 
cluster states [6].   

Finally, recent experimental progress on time-refraction in the regime of a single optical cycle [7] will be 
presented, focusing on the progress towards time-reflection at optical frequencies. Last but not least, nonlinear 
optics in such time-varying media will be discussed, envisioning new mechanism for high harmonic generation in 
solids that can yield large photon flux.   

 

References 
[1] E. Lustig, O. Segal, S. Saha, C. Fruhling, V. Shalaev, A. Boltasseva and M. Segev, Photonic Time-Crystals: fundamental concepts, 

Optics Express 31, 9165 (2023) 
[2] A. Boltasseva, V.M. Shalaev and M. Segev, Photonic Time Crystals: from fundamental insights to novel applications, Optical Materials 

Express 14, 592 (2024) 
[3] M. Lyubarov, Y. Lumer, A. Dikopoltsev, E. Lustig, Y. Sharabi, and M. Segev, “Amplified emission and lasing in photonic time 

crystals,” Science 377, 425–428, (2022) 
[4] A. Dikopoltsev Y. Sharabi, M. Lyubarov, Y. Lumer, S. Tsesses, E. Lustig, I. Kaminer, and M. Segev “Light emission by free electrons 

in photonic time-crystals,” Proc. Nat. Aca. Sci. 119, e2119705119 (2022). 
[5] M. Lyubarov, A. Dikopoltsev, O. Segal, Y. Plotnik, and M. Segev, Controlling spontaneous emission through the preparation of a 

photonic time-crystal, Optics Express 32, 39734 (2024) 
[6] M. Lyubarov, A. Gorlach, O. Segal, M. Birk, L. Nemirovsky-Levy, Y. Plotnik, M. Segev, Continuous variables cluster states in Photonic 

Time-Crystals, Optica Quantum 3, 366 (2025) 
[7] E. Lustig, O Segal, S. Saha, E. Bordo, S.N. Chowdhury, Y. Sharabi, A. Fleischer, A. E. Boltasseva, O. Cohen, V.M. Shalaev, and M. 

Segev, “Time-refraction optics with single cycle modulation,” Nanophotonics 12, 2221–2230 (2023). 



W
ed

ne
sd

ay

Quantum Optics XI:   1 - 5 September 2025

— 34 —

Quantum Optics XI  
 

Time-tronics: from temporal printed circuit board to quantum computer 
 

Krzysztof Giergiel1,2,3, Peter Hannaford2, Krzysztof Sacha1 

 
1Instytut Fizyki Teoretycznej, Uniwersytet Jagielloński, ulica Profesora Stanislawa Łojasiewicza 11, PL-30-348 Kraków, Poland 

2Optical Sciences Centre, Swinburne University of Technology, Melbourne 3122, Australia 
3CSIRO, Manufacturing, Research Way, Clayton, Victoria 3168, Australia 

 

Time crystalline structures can be created in periodically driven systems. They are temporal lattices which can 
reveal different condensed matter behaviours ranging from Anderson localization in time to temporal analogues 
of many-body localization or topological insulators. However, the potential practical applications of time 
crystalline structures have yet to be explored. We pave the way for time-tronics where temporal lattices are 
like printed circuit boards for realization of a broad range of quantum devices. The elements of these 
devices can correspond to structures of dimensions higher than three and can be arbitrarily connected and 
reconfigured at any moment. Moreover, our approach allows for the construction of a quantum computer, 
enabling quantum gate operations for all possible pairs of qubits. This research indicates that the limitations 
faced in building devices using conventional spatial crystals can be overcome by adopting crystalline structures 
in time.  

 

References 
[1] K. Sacha, Time Crystals (Springer International Publishing, Switzerland, Cham, 2020). 
[2] K. Giergiel, P. Hannaford, K. Sacha, arXiv:2406.06387. 
 



W
ed

ne
sd

ay

Quantum Optics XI:   1 - 5 September 2025

— 35 —

Accelerated State Expansion of a Nanoparticle in a Dark Inverted
Potential

N. Meyer*1,2, Grégoire F. M. Tomassi1,2, Daniël Veldhuizen1,2, Bruno Melo1,2, Davide Candoli3, Andreu
Riera-Campeny3,4, Oriol Romero-Isart3,5, Romain Quidant1,2

1Nanophotonic Systems Laboratory, Department of Mechanical and Process Engineering, ETH Zurich, 8092 Zurich,
Switzerland

2Quantum Center, ETH Zurich, 8083 Zurich, Switzerland
3 ICFO – Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels (Barcelona), Spain

4 Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, A-6020 Innsbruck, Austria
5 ICREA – Instituciò Catalana de Recerca i Estudis Avancats, Barcelona 08010, Spain

Levitated nanoparticles provide a powerful and flexible platform for quantum optomechanics, offering excep-
tional isolation from the environment and a simple, well-defined mode structure. Unlike clamped mechanical
resonators, the absence of physical supports allows for in situ tuning of the potential landscape without the need
for complex nanofabrication. This level of control makes levitated systems particularly attractive for exploring
macroscopic quantum phenomena, as well as for applications in force and inertial sensing. A key challenge in
generating large quantum superposition states of massive objects is the efficient expansion of their wave packets.
While free evolution leads to linear growth of the position uncertainty, an inverted harmonic potential enables
exponential expansion, offering a pathway to rapidly amplify quantum fluctuations to macroscopic scales. In this
work, we demonstrate this principle experimentally by expanding the center-of-mass thermal state of a 125 nm
silica nanoparticle to a position uncertainty of 43.4 nm in just 260 µs. By employing an inverted dark optical
potential, we suppress heating mechanisms from photon recoil, achieving a 952-fold increase in spatial uncer-
tainty—approaching the physical size of the particle itself. This classical state expansion represents a significant
step toward realizing macroscopic quantum superpositions at previously inaccessible mass and length scales.

References
[1] G. F. M. Tomassi et al., arXiv:2503.20707v2

*Corresponding author: nmeyer@ethz.ch
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Taming Nuclear Spin Ensembles with Quantum Optics  
M. Atatüre*1 

1. Cavendish Laboratory, University of Cambridge, J.J. Thomson Ave., Cambridge, CB3 0HE, UK 

Optically active spins in solids are strong candidates for scalable devices towards quantum networks. 
Semiconductor quantum dots set the state-of-the-art as single-photon sources with high level tuneability, 
brightness, and indistinguishability. In parallel, their inherently mesoscopic nature leads to a unique realisation 
of a tripartite interface between light as information carrier, an electron spin as a proxy qubit, and an isolated 
nuclear spin ensemble. The ability to control these constituents and their mutual interactions create opportunities 
to realize an optically controllable ensemble of ~50,000 spins. In this talk, I will present a journey from treating 
the quantum dot nuclei as an uncontrolled noise source limiting spin coherence to the observation of their 
collective magnon modes and eventually to their function as a quantum register, all witnessed via a single 
electron spin driven by light. 
 

 
*Corresponding author: ma424@cam.ac.uk  
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Quantum simulation – Engineering & understanding
quantum systems atom-by-atom

M. Aidelsburger*1,2,3

1Max-Planck-Institut für Quantenoptik, 85748 Garching, Germany
2Munich Center for Quantum Science and Technology (MCQST), 80799 Munich, Germany

3Fakultät für Physik, Ludwig-Maximilians-Universität, 80799 Munich, Germany

The computational resources required to describe the full state of a quantum many-body system scale exponentially
with the number of constituents. This severely limits our ability to explore and understand the fascinating phe-
nomena of quantum systems using classical algorithms. Quantum simulation offers a potential route to overcome
these limitations. The idea is to build a well-controlled quantum system in the lab, which represents the problem
of interest and whose properties can be studied by performing controlled measurements.

Cs atoms

Fig. 1: Left: Schematic of the quantum gas microscope setup with a high-NA imaging objective. Atoms are
confined in a square optical lattice and a single vertical plane. Right: Fluorescence image of Cs atoms.

Quantum simulators based on neutral atoms in optical lattices offer access to ultra-low temperatures and long
coherence times. Recent advances pave the way towards high-fidelity simulations using arrays of several thousand
atoms with single-atom resolution and control in homogeneous lattice potentials, where the atoms are confined in
a box. In this talk, I will demonstrate how such systems enable the exploration of interacting topological phases
of matter using Floquet engineering [1] and provide insights into fundamental questions regarding the thermaliza-
tion of isolated quantum systems in the regime of Hilbert-space fragmentation [2]. In addition, I will highlight
recent advances facilitated by the programmability of these platforms enabling access to arbitrary orbital operators
[3], such as current and kinetic energy, beyond conventional density or occupation measurements. Moreover, by
analyzing subsystem return probabilities we reveal the relevance of genuine higher-order connected correlation
functions for the observed dynamical quantum phase transition and conduct a quantitative measurement of the size
of the accessible Hilbert space in the thermodynamic limit [2]. Finally, I will conclude by providing an outlook
towards new capabilities by combining direct ground-state cooling in optical lattices with local control provided
by tweezer arrays [4].

References
[1] A. Impertro, S. Huh, S. Karch, J. F. Wienand, I. Bloch, M. Aidelsburger, Nature Physics 21, 895–901 (2025).
[2] S. Karch, S. Bandyopadhyay, Z.-H. Sun, A. Impertro, S. Huh, I. Prieto Rodrı́guez, J. F. Wienand, W. Ketterle, M. Heyl, A.
Polkovnikov, I. Bloch, M. Aidelsburger, arXiv:2501.16995 (2025).
[3] A. Impertro, S. Karch, J. F. Wienand, S. Huh, C. Schweizer, I. Bloch, M. Aidelsburger, PRL 133, 063401 (2024).
[4] R. M. Kroeze, R. A. Villela, E. Zu, T. O. Höhn, M. Aidelsburger, arXiv:2506.09031 (2025).

*Corresponding author: monika.aidelsburger@mpq.mpg.de
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Microscopy of Density-Wave Ordering
in Strongly Interacting Fermi Gases

Gaia Stella Bolognini*12, Tabea Nelly Clara Bühler12, Aurélien Hadrien Fabre12,
Zeyang Xue12, Timo Zwettler 12, Giulia Del Pace12 and Jean-Philippe Brantut12.

1 Laboratory for Quantum Gases, EPFL, Lasuanne, Switzerland
2 Quantum Science and Engineering Center, EPFL, Lausanne, Switzerland

Analog quantum simulations using ultracold atoms offer exciting opportunities to investigate many-body sys-
tems in highly controllable and tunable settings. While most studies have focused on simulation of systems with
short-range interactions, their interplay with long-range interactions remains largely unexplored.

In our experimental platform, the atomic ensemble is strongly-coupled to a high finesse optical resonator,
whose photons mediate an effective all-to-all and long-range interaction among the particles [1, 2]. Upon reaching
a critical long-range interaction strength, the system undergoes a phase transition into a density wave ordered state,
characterized by the superradiant build up of the cavity field and the atomic self-organisation into a crystalline
lattice [3]. While this phenomenon has been extensively studied in bosonic quanutm gases [4, 5], we explore the
effect of this transition in a degenerate two-component Fermi gas of 6Li with tunable short-range interactions.

I will present our recent experimental results on probing this phase transition using not only the detection of
the leakage of the cavity field but also high-resolution microscopy over the atomic cloud. In particular, we present
the first direct, in-situ imaging of the periodic modulation of the charge density waves. Importantly, the photonic
and the atomic signatures are independently recorded from the same quantum trajectory of the hybrid system in a
single shot, revealing the correlation between the intra-cavity field and the spatial ordering of the atoms.

The capability to probe the atomic cloud at the micrometer scale opens interesting avenues for investigating
the ordering process, enabling the extraction of in-situ quantities that cannot be accessed through the cavity-
field detection alone, such as direct observation of spatial correlations. Additionally, we anticipate the use of
the microscope for precise control and manipulation of the atomic trapping potential, unlocking new opportunities
for the exploration of fermionic systems in long range interaction induced phase transitions.

References
[1] Roux, H., Helson, V., K., Konishi and Brantut J.P. Cavity-assisted preparation and detection of a unitary Fermi gas, New
J. Phys., 23, 043029.
[2] Roux K., Konishi H., Helson V. and Brantut J.P., Strongly correlated Fermions strongly coupled to light, Nat Commun 11,
2974 (2020).
[3] Helson, V., Zwettler, T., Mivehvar, F. et al. Density-wave ordering in a unitary Fermi gas with photon-mediated interac-
tions, Nature 618, 716–720 (2023).
[4] Baumann K, Guerlin C, Brennecke F, Esslinger T., Dicke quantum phase transition with a superfluid gas in an optical
cavity, Nature. 2010 Apr 29;464(7293):1301-6.
[5] Landig, R., Hruby, L., Dogra, N. et al., Quantum phases from competing short- and long-range interactions in an optical
lattice, Nature 532, 476–479 (2016).

*Corresponding author: gaia.bolognini@epfl.ch
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lattice modulation
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Quantum information in quantum optics from a superselection rule compliant 
perspective 
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Catalysis of quantum entanglement and entangled batteries
Alexander Streltsov

Institute of Fundamental Technological Research, Polish Academy of Sciences, Warsaw, Poland

Entanglement is a fundamental resource in quantum information science, yet its manipulation—especially under
operational constraints—remains incompletely understood. This talk presents recent advances that bridge key con-
ceptual gaps in our understanding of entanglement transformations, both in single-copy and asymptotic regimes,
by introducing two powerful tools: entanglement catalysis and entangled batteries.

We begin by addressing the fundamental question of how to convert one entangled pure state into another in the
single-copy regime, assisted by an auxiliary entangled state—a catalyst. We further allow the process to establish
correlations between the main system and the catalyst, provided that these correlations can be made arbitrarily
small. Remarkably, we show that the entanglement entropy precisely characterizes which such transformations are
possible: a pure-state transformation can be performed if and only if it is entanglement-non-increasing [1]. The
quantum catalysts, much like their chemical counterparts, facilitate transformations that are otherwise impossible,
yet emerge completely unaltered at the end of the process. This result elevates entanglement entropy from a
purely asymptotic quantity to a fully operational measure, governing state convertibility even in the most resource-
constrained, single-shot scenarios.

In the second part, we explore the relationship between catalytic and asymptotic entanglement manipula-
tion [2]. While catalysis extends what is possible at the single-copy level, we prove that it does not improve
asymptotic singlet distillation rates for distillable states. Despite this limitation, we find a deep equivalence be-
tween the two regimes once correlations across many copies are accounted for. These findings clarify the bound-
aries of what catalysis can achieve and highlight the subtle role of correlations in asymptotic transformations of
entangled states.

Finally, we turn to the question of reversibility in entanglement transformations. While irreversibility has been a
central theme in mixed-state entanglement theory, we demonstrate that reversible transformations become possible
under local operations and classical communication if parties have access to an entanglement battery—a quantum
system that can store and supply entanglement without net loss [3]. This leads to a generalized second-law-like
framework, where distinct entanglement quantifiers determine the rates of transformation. Our results establish a
broad and flexible foundation for reversible entanglement manipulation and extend naturally to multipartite systems
and other quantum resource theories.

References
[1] T. V. Kondra, C. Datta, and A. Streltsov, Catalytic Transformations of Pure Entangled States, Phys. Rev. Lett. 127, 150503
(2021).
[2] R. Ganardi, T. V. Kondra, A. Streltsov, Catalytic and Asymptotic Equivalence for Quantum Entanglement, Phys. Rev. Lett.
133, 250201 (2024).
[3] R. Ganardi, T. V. Kondra, N. H.Y. Ng, A. Streltsov, Second Law of Entanglement Manipulation with Entanglement Battery,
arXiv:2405.10599, to be published in Physical Review Letters.
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Quantum engineering optical clocks based on trapped ions 
P.O. Schmidt*1,2 

1Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany 
2Leibniz Universität Hannover, Welfengarten 1, 30167 Hannover, Germany 

Optical atomic clocks with eighteen significant digits are the most accurate measurement devices available to us 
with applications ranging from tests of fundamental physics to height difference measurements in relativistic 
geodesy [1]. The uncertainty in trapped-ion clocks is limited by systematic frequency shifts and quantum 
projection noise. In my presentation, I will show how quantum engineering techniques can overcome these 
limitations. Quantum algorithms provide access to new clock species such as highly charged ions with reduced 
systematic shifts and high sensitivity to searches for new physics [2], including hypothetical fifth forces [3], 
variation of fundamental constants and dark matter candidates. Dynamical decoupling [4] and entangled state 
spectroscopy [5] in a multi-ion frequency reference offer suppression of systematic shifts, while improving the 
signal-to-noise ratio of the clock and thus the required averaging time to reach a certain resolution [6]. These 
developments will pave the way towards a next generation of quantum-enhanced clocks that enter                     
the 10-19 relative frequency uncertainty regime. 

 

References 
[1] Mehlstäubler, T. E., et al., Rep. Prog. Phys. 81, 064401 (2018). 
[2] Kozlov, M. G., et al., Rev. Mod. Phys. 90, 045005 (2018). 
[3] Wilzewski, A., et al., Phys. Rev. Lett. 134, 233002 (2025). 
[4] Pelzer, L., et al., Phys. Rev. Lett. 133, 033203 (2024). 
[5] Dietze, K., et al., arXiv.2506.11810 (2025). 
[6] Kielinski, T., et al., Science Advances 10, eadr1439 (2024). 
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Engineering quantum many-body interactions 

with strong light-matter coupling
M. Matuszewski

*1,2, A. Rahmani2, D. Ko2, M. Dems3

1Center for Theoretical Physics, Polish Academy of Sciences, Al. Lotników 32/46, 02-668 Warsaw, Poland
2Institute of Physics Polish Academy of Sciences, Al. Lotników 32/46, 02-668 Warsaw, Poland
3Institute of Physics, Technical University of Łódź, ul. Wólczańska 219, 93-005 Łódź, Poland

Description  of  many-body light-matter  interactions in  the  regime of  strong-light  matter  coupling is  usually

presented within the framework of the seminal work of Hopfield, where the concept of polariton was introduced

[1]. However, this description has several drawbacks that limit its applicability. The picture of several well-

defined  modes  of  light  and  matter  modes  interacting  with  each  other  is  correct  as  long  as  the  shapes  of

eigenmodes are not substantially modified by the interaction. Plane-wave description of polariton modes is far

from reality in confined systems, while dissipative effects can lead to substantial corrections. This may lead to

incompatibility  of  theoretical  descriptions  and  physical  realizations.  To  date,  there  is  no  systematic  way to

determine a quantum model in the form of a master equation, for a given physical nanostructure, that would take

into account all its physical features.

We  present  a  systematic  method  for  obtaining  precise  form  of  quantum  master  equation  from  first

principles, under the assumption of small size of emitters (such as excitons) compared to the wavelength of light,

which are strongly coupled to light in a dielectric structure. The method is based on Bogoliubov transformation

[2] in the conservative case and on the concept of third quantization [3] in the dissipative case. The procedure

involves finding eigenmodes of Maxwell equations coupled to macroscopic polarization field in the classical

limit, which can be performed by any solver of choice. We propose that this method can be used for engineering

many-body nonlocal interactions between polariton modes in carefully designed structures. In one example, we

design a semiconductor structure characterized by high nonlocality of interactions which leads to substantial

quantum correlations between modes of emitted light (see Fig. 1).

Fig. 1: (a) An example of an engineered semiconductor structure hosting exciton-polariton modes with nonlocal

interactions. (b) Electric field intensity in the symmetric eigenmode. (c) second-order correlation function of

emitted light in function of detuning. (d) cross-correlation showing enhancement of cross-mode correlations due

to nonlocal interactions.

References
[1] J. J. Hopfield. Phys. Rev. 112, 1555 (1958).

[2] N. N. Bogoljubov, Il Nuovo Cimento 7 794–805 (1958); J. G. Valatin, Il Nuovo Cimento 7 843–857 (1958).
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Optimal control of mechanical systems in the quantum regime
Piotr T. Grochowski*,

Department of Optics, Palacký University, 17. listopadu 1192/12, 771 46 Olomouc, Czech Republic

Contrary to the qubit-based, discrete systems, continuous quantum platforms enable encoding increased com-
plexity into fewer physical systems through large-scale non-Gaussian states. Motion, as an exemplary continuous
degree of freedom, underpins numerous nonlinear phenomena—from Cooper pair dynamics and optical wave
packets to the macroscopic levitated objects. Despite significant progress in harnessing mechanical nonlinearities
and generating quantum non-Gaussian states in low-energy regimes, their full potential remains untapped. Achiev-
ing high-quality, high-energy, and spatially large quantum non-Gaussian states is essential for progress in quantum
sensing, quantum simulations, and foundational tests of quantum mechanics.

We explore the following control schemes for mechanical degrees of freedom in nonlinear systems, including
atoms or particles trapped in nonharmonic potentials or clamped solid-state oscillators with available spin-motion
coupling. (i) Nonharmonic potential modulation. First, we present a theoretical proposal for preparing and
manipulating a state of a single continuous-variable degree of freedom confined to a nonharmonic potential [1].
By utilizing optimally controlled modulation of the potential’s position and depth, we demonstrate the generation
of various non-Gaussian states, as well as the implementation of arbitrary unitaries within a selected two-level
subspace [Fig. 1(a)]. (ii) Macroscopic quantum states of levitated nanoparticles. Second, we introduce a
method for the rapid preparation of the center of mass of a levitated particle in a macroscopic quantum state—
one that is delocalized over a length scale much larger than its zero-point motion and has no classical analog [2].
This state is prepared by letting the particle evolve in a static double-well potential after a sudden switchoff of
the harmonic trap, following initial center-of-mass cooling to a sufficiently pure quantum state [Fig. 1(c)]. (iii)
Phase-insensitive force sensing. Finally, we consider a force-sensing scheme where the induced phase-space
displacement direction is randomized and an excitation number resolving measurement is performed [3]. By
applying quantum optimal control in a spin-boson system, we identify number-squeezed cat states as the optimal
choice for maximizing force sensitivity under lossy dynamics and the finite system controllability [Fig. 1(b)].

These studies highlight different approaches to motion control—either leveraging intrinsic nonharmonicity in
the confining potential or coherent coupling to an external nonlinear system. Our results provide a versatile control
toolbox for nonlinear continuous-variable quantum systems, including scenarios with weak intrinsic nonharmonic-
ity or limited external coherent coupling. As new mechanical platforms, such as levitated nanoparticles and bulk
wave resonators, continue to advance into the quantum regime, developing robust control strategies for their motion
becomes crucial for both fundamental physics and technological applications. Our work paves the way toward uni-
versal control of a broad class of continuous quantum systems, encompassing both massive mechanical oscillators
and massless quantum fields such as optical and microwave resonators.

(c)

(b)

ξ(τ) ̂σ++H.c.

̂a
̂a†

̂a† ̂âσz

̂a ̂σ++H.c.

(a)

Fig. 1: (a) Examples of continuous nonlinear systems that can be optimally controlled without the need of auxiliary
systems—single atoms in optical tweezers and fluxt-unable transmons. (b) In an optimally controlled spin-boson
model with finite controllability and decoherence, a family of number-squeezed cat states maximizes achievable
sensitivity for weak force sensing. (c) Schematic representation of the protocol for the preparation of a macroscopic
quantum state of a nanoparticle utilizing hybrid potential.
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New frontiers in quantum simulation and sensing via cavity mediated
interactions

A.M.Rey*1
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Fig. 1: Atoms in optical cavities are a unique platform for advancing quantum simulation and sensing.

Atoms and photons are the fundamental building blocks of our universe. Their interactions rule the behavior of our
physical world but at the same time can be extremely complex, especially in the context of many-body quantum
systems. Understanding and harnessing them is one of the major challenges of modern quantum science. In recent
years, ultracold atomic systems have emerged as a pristine platform for the exploration of atom-light interactions.
In this talk, I will discuss the potential of atomic systems loaded in optical cavities as a resource to enhance the
energy scales needed to observe complex many-body behaviors by harnessing infinity range interactions mediated
by photons that can couple a large set of internal levels. I will show how cavity systems can help us not only to
shed light on behaviors of iconic Hamiltonians describing real materials but also to engineer broader classes of
Hamiltonians with multi-body interactions too complex to emerge naturally. Furthermore , I will explain how they
can facilitate the generation of quantum entanglement and overcome physical constraints currently limiting the
performance of state-of-the-art atomic clocks and interferometers.
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Quantum Optics XI 

Optically driven atom arrays and

new resources for ultracold atomic physics

Dan M. Stamper-Kurn**1,2,3
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2Challenge Institute for Quantum Computation, University of California, Berkeley, California 94720

3Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

New techniques and resources in ultracold atomic physics have continually deepened its impact on science.  I 

will discuss two experimental developments that, hopefully, exemplify this trend.  First, I will share how my 

research group is using the versatile tool of atom-tweezer arrays to study collective atom-light coupling and 

symmetry breaking in the mesoscopic regime.  Specifically, we show how, akin to the response of metamaterials, 

the  precise  control  over  the  positions  of  atoms  affects  their  collective  coupling  to  an  optical  cavity.  This 

collective  coupling  to  light  affects  the  mechanical  state  of  the  tweezer-trapped  atoms,  leading  to  a  phase  

transition between unbroken and broken symmetry states.  This self-organization phase transition, akin to that 

predicted by the Dicke model, has been studied previously in macroscopic systems.  Here, we examine such 

critical  behavior in the mesoscopic regime and identify signatures of  the enhanced fluctuations that  are the 

hallmark of mesoscopic physics.  Second, I  will  describe our efforts to bring new atomic elements into the  

ultracold regime, focusing on transition-metal atoms and specifically on titanium, which we have now succeeded 

in laser-cooling and trapping for the first time.
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Super and Sub-Radiance in a Tunable Spacing Quantum Gas Microscope
Michal Szurek*, Alexander Douglas, Lin Su, Robin Groth, Ognjen Markovic, Oriol Rubies-Bigorda,

Stefan Ostermann, Susanne Yelin, Markus Greiner
1Department of Physics, Harvard University, 17 Oxford St. Jefferson Laboratory, Cambridge, MA 02138 U.S.A

Quantum gas microscopy permits the study of cooperative optical effects in a regime qualitiativly distinct from
what is traditionally realized in optical cavities and bulk gases. Here we explore super and sub-radiance beyond
the Dicke limit via a tunable-spacing quantum gas microscope of erbium atoms. Our tightly spaced 266nm op-
tical lattice, along with erbium’s narrow 841nm transition, results in a favorable spacing-to-wavelength ratio for
observing collective emission. We measure super and sub-radiance by tracking the excited state population of
atoms undergoing decay and observe that super-radiance scales with system size in systems much larger than the
light’s native 841nm length scale. Sweeping the spacing-to-wavelength ratio reveals geometric resonances that
result in revivals of super-radiance. Our microscope’s single-site resolution reveals ferromagnetic spatial corre-
lations through super-radiant emission and antiferromagnetic correlations in deeply sub-radiant regimes. Unlike
in all-to-all interacting systems that are restricted to the Dicke manifold, our system moves throughout the angu-
lar momentum manifold as it decays. We measure the magnetization in our experiment to track the dynamics of
this decay and map out the trajectory of finite-inversion preparations through the Hilbert space. This work paves
the way for future work in studying cooperative effects in ordered atomic arrays with applications in engineering
photonic states for quantum communication and dissipative generation of exotic quantum states.
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Fig. 1: a. Retro-reflected 532nm light forms an optical lattice with 266nm spacing between atoms. 488nm light
projected through a high numerical aperture objective forms a tunable-spacing ”accordion lattice”. Atoms loaded
into lattice are transferred to the excited state of the 841nm transition via an excitation beam incident to the
side of the atom plane. Here Γi,j indicates distance-dependent cooperative emission that is otherwise distance-
independent in the Dicke limit. b. Excited state population throughout collective emission is measured via single-
site fluorescence imaging. The short interatomic spacing to transition wavelength ratio (a/λ = 0.316) parametrizes
a favorable regime for cooperative effects. c. Measured emission rate over time for a system of 1000 atoms. The
orange dashed line corresponds to the decay rate of independent, non-interacting atoms.
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Quantum simulation of holographic quantum matter
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Holographic quantum matter—i.e., field theories that are dual to bulk gravity—represent paradigms for non-Fermi-
liquid behavior and for extreme quantum chaos, cementing a deep interest throughout communities ranging from
quantum gravity, over quantum information, to condensed matter. Yet, existing laboratory implementations in
quantum simulators have been able to tackle only relatively small systems.

In this talk, I will present our ongoing efforts towards scalably realizing the Sachdev-Ye-Kitaev model, a
paradigm for holographic quantum matter, by analog quantum simulation in cavity QED setups [1,2,3]. I will
discuss first experimental steps done by the group of Jean-Philippe Brantut, EPF Lausanne, the realization of a dis-
ordered spin system showing grey polaritons and finite-size disorder transitions [4]. I will also discuss a universal
equilibration dynamics that could represent a first experimental signature of the extreme chaos of such systems [5],
how deformations such as algebraic power-law interactions affect their behavior [6], and how non-stabilizerness
and entanglement increase as one reaches the holographic and chaotic regime [7]. With this talk, I aim to illustrate
the extreme richness of physics encountered in the quantum simulation of holographic models.
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Quantum sensors operated in real time:
from Bayesian inference to machine learning
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5ICFO - Institut de Ciències Fotòniques, The Barcelona Institute of Science and Technology, 08860 Castelldefels, Spain
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From gravitational-wave detectors to cryogenically cooled microresonators, quantum effects have been shown to
enhance capabilities of various devices in sensing external perturbations. Although this fact has led to important
breakthroughs in the field of quantum metrology, one often forgets that the vast majority of real-life applications
require quantum sensors to track signals that vary over time—e.g., gravitational waves generated by black holes
merging, or fluctuating magnetic fields generated by the human brain. In my talk, I will summarise recent results
obtained within my group, in which we combine the description of continuously monitored quantum sensors with
methods of signal processing, so that quantum effects can still be used to boost the sensitivity in “real time”.

Firstly, I will focus on an optomechanical sensor, see Fig. 1(a), operated in the non-linear regime [1], in
order to show how the non-classical correlations of photons being emitted may then enhance the sensitivity after
resorting to Bayesian inference. For such a solution to be efficient, however, the computation of the likelihood (the
probability of obtaining a particular photoclick pattern) must be circumvented [2]. As an alternative, I will present
methods based on machine learning [3] that, despite relying on a model-free approach, can be made as accurate, as
meaningful, and as effective. Secondly, I will consider the setting of an optically pumped magnetometer (OPM),
Fig. 2(a). I will demonstrate that it is enough then to use methods of (Extended, Cubature) Kalman Filtering to
track fluctuating and transient magnetic-field signals in real time [4], which in turn open doors to leveraging the
interatomic entanglement, i.e. spin-squeezing [5]. Such quantum-enhancement can then be stabilised by employing
measurement-based feedback [6], which allows one to track even magnetocardiography (MCG) signals under the
relevant experimental conditions [7].

Figure: 1(a) – Canonical optomechanical system modelled as a cavity coupled to a mechanical device, with measurement corresponding to
photodetection of photons leaking from the cavity; 1(b) – Negativity as a signature of entanglement between optical and mechanical d.o.f.s,
whose character depends strongly on the value of detuning between the driving laser and the cavity. 2(a) – The atomic magnetometry setup
considered to track fluctuating and fast-varying inputs, which involves measurement-based feedback. 2(b) – The entanglement in between the
constituent atoms is induced by continuously measuring their total angular momentum, so that by inspecting the (spherical) Wigner function of
the ensemble the phenomenon of spin-squeezing is observed.
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Quantum enhancement in a multi-parameter quantum sensor.
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We study quantum enhancement of sensitivity and bandwidth using squeezed light in a multi-parameter quantum
sensor, the hybrid rf-dc optically pumped magnetometer (hOPM) [1]. Using a single-spin ensemble, the hOPM
acquires both the dc field strength (scalar magnetometry) and resonantly detects one quadrature of the magnetic
field at a programmed frequency (rf magnetometry). In contrast to scalar OPMs [2], the back-action evasion in
the hOPM is incomplete, leading to a complex interplay between the three quantum noise sources in this sys-
tem: photon shot noise, spin projection noise, and measurement back-action noise. We observe these interactions
using squeezed light as a tool to control the distribution of optical quantum noise between polarization Stokes
components, and the resulting effect on readout quantum noise and measurement back-action (see Fig. 1) [3].

Fig. 1: Polarization noise after demodulation. Measured noise spectra along with the fitted model function, to
compare the response bandwidth, the photon shot noise, and the low frequency atomic noise for coherent (red),
squeezed (black) and anti-squeezed (blue) probing for polarized (dashed line) and unpolarized (solid line) atomic
ensemble.
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Quantum error mitigation with long-lived collective Rydberg excitations
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Collective Rydberg excitations provide promising applications ranging from quantum information processing, and
quantum computing to ultra-sensitive electrometry. However, their short lifetime is an immense obstacle in real-
life scenarios. The state-of-the-art methods of prolonging the lifetime were only implemented for ground-state
quantum memories and would require a redesign to effectively work on different atomic transitions. We propose a
protocol for extending the Rydberg excitation lifetime, which in principle can freeze the spin-wave and completely
cancel the effects of thermal dephasing. The protocol employs two coherence transfer beams that couple the ground
part of the atomic coherence to an intermediate ground level. Our implementation showed that the excitation
lifetime can be extended by an order of magnitude. Long-lived excitations are essential for interaction enhanced
metrology scheme which allows for error mitigation in lossy experiments. With this protocol, we have achieved
Fisher information per detected photon F = 3.3, showing over threefold improvement as compared to standard
procedure without additional losses before detection.

(a) (b)

Fig. 1: (a) Rydberg memory lifetime for standard and modulated protocol. Blue dots represent the normalized
intensity of unmodulated stored signal as a function of storage time. Green triangles represent the normalized
intensity of stored signal modulated by shortening its spin-wave wavevector. The dashed grey line is the maximal
possible theoretical limit of the modulation efficiency that takes into account imperfect polarizations due to rotation
of beams.(b) Plot of Fisher information for different values of the parameter γ for losses η = 0.02 after the
interaction. Fisher information at the beginning of the experiment without loss is FC = 1. In the case where losses
are introduced after the interactions, there is an improvement in the Fisher information depending on the value of
the decay constant γ
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Engineering atom-atom interactions is essential both for controlling novel phases of matter and for efficient
preparation of many-body entangled states, which are key resources in quantum communication, computation, and
metrology. In our work [1], we propose a scheme to tailor these interactions by coupling driven atom pairs to
optical cavity photons via a molecular state in the dispersive regime, resulting in an effective potential. Such a
coupling has been recently demonstrated in [2, 3], where observation of universal pair-polaritons as well as the
coupling of charge and pair-density waves were reported.

As an illustrative example of our approach, we investigate two-mode ultracold bosons in an optical cavity,
see Fig. 1, and by analyzing the quantum Fisher information, we show that the induced interactions can generate
robust many-body entanglement. By tuning the photon-induced interactions through the cavity drive, we identify
conditions for preparing highly entangled states on timescales that mitigate decoherence due to photon loss. Our
results show that the entanglement formation rate scales strongly with both photon and atom number, dramatically
reducing the timescale compared to bare atomic interactions. We also identify an optimal measurement for ex-
ploiting the metrological potential of the atomic state in an interferometric protocol with significant photon losses,
saturating the quantum Cramer-Rao lower bound. Furthermore, we show that despite these losses the atomic state
exhibits strong Bell correlations. Our results provide insights on induced atom-atom interactions and open paths
to study novel phases of light and matter in hybrid atom-photon systems, as well as for tailoring complex quantum
states for new quantum technology protocols and fundamental tests of quantum mechanics.

Fig. 1: Left: The scheme of the setup. N ultracold bosonic atoms are confined in a double-well potential VDW

inside an optical cavity. The laser pump η with frequency ωL enters from one of the mirrors of the cavity with
photon loss rate κ. ΩR denotes the coupling of atom pairs with photons. Right: The diagram of the energy levels
of atomic pairs gg and the molecule ∆. ∆A and ∆C are detunings from the molecular state and the cavity photon,
respectively.
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[3] T. Zwettler, F. Marijanović, T. Bühler, S. Chattopadhyay, G. Del Pace, L. Skolc, V. Helson, S. Uchino, E. Demler, J.-P.
Brantut, Cavity-mediated charge and pair-density waves in a unitary Fermi gas, arXiv:2503.05420 (2025).

*Corresponding author: twasak@umk.pl



Th
ur

sd
ay

Quantum Optics XI:   1 - 5 September 2025

— 53 —

Quantum Optics XI
Heralded generation of atom-photon entanglement
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One of the biggest current challenges in quantum information experiments and applications is reducing quantum
state infidelity and inefficiency errors [1]. With reduced errors, quantum communication schemes can cover larger
distances, and quantum computing algorithms can be faithfully implemented with larger circuit depths. In the
context of quantum communication, one way to track and reduce inefficiency and infidelity errors is to herald the
presence of the quantum state that is used as a resource [2,3]. While heralding photonic quantum states at their
reception allows to track and reduce propagation and measurement errors, heralding the generation of such states
at the source allows to immediately and faithfully react upon source errors.

Here we implement a new method to herald the successful generation of atom-photon entanglement. The
method is based on the cascaded two-photon emission of a single atom into two crossed fiber cavities [4]. The
polarization state of one photon is entangled with the spin degree of freedom of the atom, and the second photon
heralds the successful entanglement generation. The polarization eigenmode splitting of the herald photon cavity
is essential for steering a specific transition during the herald photon emission process, enhancing the fidelity of
the entangled state.
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Fig. 1: (a) A single atom coupled to two crossed fiber cavities emits a photon entangled with the atom, and another
photon that heralds the entangled state generation. (b) After exciting the atom to state
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a polarization qubit is generated in the qubit cavity, and the cavity-enhanced emission of a π polarized photon in
the herald cavity brings the atom into a superposition of two spin states.

We show that the herald signal allows to track and reduce inefficiency and infidelity errors present during the
entanglement generation process, improving the atom-photon entanglement efficiency and fidelity to 68(3)% and
86(2)%, respectively. We also use the temporal correlation information between the emission time of the qubit
and herald photons in order to reduce photon qubit measurement noise. By obtaining a fidelity improvement from
48(3)% to 75(3)% in a noise-limited quantum communication situation, we highlight the potential of our heralded
source for long distance quantum communication.
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Collective Rydberg excitations have become an area of increasing interest across various important domains of
physics. These excitations show great promise for applications in fields such as quantum information process-
ing, quantum simulators, and ultra-sensitive electrometry [1]. However, their potential is constrained in practical
situations by their short thermal dephasing time, which, at typical experimental temperatures of around 100 µK,
is typically limited to no more than a microsecond. While some advanced techniques exist to extend the atomic
coherence lifetime, they have only been applied to ground-state quantum memories. Applying these methods to
Rydberg excitations would require substantial modifications to make them compatible.

We propose a novel approach based on Ac-Stark phase modulation of a quantum memory ensemble, which has
the potential to freeze atomic coherence and completely suppress thermal decoherence effects. This protocol was
implemented by interfering two off-resonant laser beams with the atomic medium, demonstrating that it is possible
to achieve a ten-fold increase in lifetime [2]. To validate our findings, we simulated the evolution of atomic
coherence in phase space, accounting for factors such as the finite duration of the modulation pulses, imperfect
alignment of the experimental setup, and atomic motion across various velocity classes.

Our experimental results showed an improvement in lifetime by more than a factor of 10, approaching the
natural lifetime of the Rydberg state limited by spontaneous and radiative dephasing. The proposed protocol
enables measurements of Rydberg interactions over extended timescales, which is often essential for applications
in electrometry or for utilizing long-lived collective qubits in quantum simulations and computational interfaces
with light.
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Fig. 1: (a) Blurring of the spinwaves with different wavevectors due to thermal motion of the ensemble. Spinwaves
with larger wavevector are more affected by motional dephasing. (b) Geometrical representation of the stages of
the extended lifetime protocol.
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Quantum information in quantum optics from a superselection rule
compliant perspective

P. Milman*1, A. Keller1,2, E. Descamps1, A. Saharyan1
1Université Paris Cité, CNRS, Laboratoire Matériaux et Phénomènes Quantiques, 75013 Paris, France

2Départment de Physique, Université Paris-Saclay, 91405 Orsay Cedex, France

We present a general framework for representing quantum optical states that respects particle- number superse-
lection rules, offering a consistent perspective on coherence, non-classicality, and their implications for quantum
information. By adopting a two-mode Fock basis representation that explicitly incorporates the phase reference
as a quantum resource, we describe quantum optical states using the same formalism as symmetric spin-like and
angular momentum systems, and in a form that is invariant under U(1) transformations [1]:

|ψ〉 =
N∑

n=0

cn|n〉a|N − n〉b. (1)

The superselection rule compliant (SSRC) representation permits the representation of any state usually repre-
sented in quantum optics as coherent superpositions of Fock states. For example, states (1) are equivalent to states∑∞

n=0 cn|n〉a in the usual representation, where a phase reference is implicitly assumed. The SSRC representa-
tion retains the intuitive appeal of traditional quadrature-based descriptions while providing a rigorous method for
classifying quantum optical states as classical or non-classical based on their computational resource potential -
that is mostly related to its non-separability properties in first quantization [2]. In addition, it enables a clear un-
derstanding of how multi-mode states and manipulations can potentially lead to quantum computational advantage
- or to the impossibility of efficient classical simulation - of some quantum protocols.

Importantly, using the SSRC representation and applying physically motivated principles (N � nmax �∑∞
n=0 n|cn|2), we can clearly identify the regime in which the continuous-variable (CV) representation of quantum

optics captures the same phenomena as the more general framework we adopt here. In such a regime, it is possible
to set N → ∞ in (1).

Furthermore, the SSRC representation clarifies some seemingly contradictory results which appear when one
implicitly assumes a phase reference. Using the representation (1) it is possible to define a SSRC universal gate
set [2] based on mode rotations eiĴ�nθ (Gaussian quadrature operations), with Ĵz = 1

2 (â
†â − b̂†b̂), Ĵx = 1

2 (â
†b̂ +

b̂†â) and Ĵy = i
2 (â

†b̂ − b̂†â), and “spin-squeezing”-like operations ei(Ĵ�n)
2η , which are non-Gaussian quadrature

operations. Using this universal set, it is possible to provide the underlying principles for accessing both the
computational power and the non-classical properties of bosonic systems across all possible information encodings,
from single-photon-based schemes to the CV limit, encompassing all possible error correction strategies in any
physical platform [4]. In particular, our results permit identifying the necessary and sufficient conditions for
universal quantum computing across any bosonic encoding, and show, for instance, that the only bosonic encoding
where local quadrature non-Gaussian gates are not necessary is the single photons encoding. In addition, we show
that qubit entanglement in any bosonic encoding is only possible with quadrature non-Gaussian gates.

Finally, from a purely physical perspective, by treating the phase reference explicitly as a resource, we also clar-
ify the distinct roles of modes and states in quantum protocols and quantum optics more broadly, well separating
the speakable and unspeakable properties of quantum optics [5].
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Quantum Optics XI
Magnetic Lanthanides: From Supersolidity to Multi-Electron Rydberg

Physics
F. Ferlaino*1

1 University of Innsbruck, Institute for experimental Physics, Innsbruck, A-6020, Austria
2Department of Optics, University of Poland, Quantum Physicists Street 11, 30-348 Kraków, Poland

The exploration of low-temperature physics has captivated scientists for decades, unveiling groundbreaking phe-
nomena such as superfluidity across a variety of states of matter, including solids, liquids, gases, and even light. A
central focus of this field has been the emergence of superfluid order in spatially homogeneous systems. However,
what occurs when superfluidity emerges alongside periodic density modulations? Can a supersolid state exists,
where localization inherent to periodic structures coexist with superfluidity? Is it possible for a solid to exhibit
superfluid behavior, or for a superfluid to display crystalline order?
This talk will delve into the experimental realization of supersolidity in magnetic quantum gases, enabled by the
momentum-dependent, long-range, and anisotropic dipole-dipole interactions. Key topics include the softening
of roton excitations as a precursor to the supersolid phase transition and the observation of quantized vortices in
rotating supersolid states.
Finally, I will review some recent advances on single erbium-atom in tweezers and Rydberg excitation.

*Corresponding author: Francesca.Ferlaino@uibk.ac.at
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Quantum magnetism meets cavity QED
K. Jachymski*1, Y. Wang2, J. P. Mendonça1
1Faculty of Physics, University of Warsaw, Poland
2Faculty of Chemistry, Emory University, USA

The Dicke model is a central platform for exploring strong light-matter interaction and its superradiant proper-
ties, with implications for emerging quantum technologies. Recognizing that realistic qubits inherently experi-
ence direct interactions, we investigate the influence of both isotropic and anisotropic spin-spin couplings on the
Dicke paradigm. In the strong coupling regime–where large photon populations challenge conventional numerical
techniques–we developed a hybrid numerical method tailored for this problem, which demonstrates high accuracy
and rapid convergence in reproducing established Dicke model results. This approach, based on a composite non-
gaussian variational ansatz, can be applied to a multitude of systems from cavity QED to materials with strong
electron-phonon coupling. For the case of the Dicke-Heisenberg model, our study reveals that distinct ferromag-
netic and antiferromagnetic regions exhibit different orders of phase transitions. Most notably, in the presence
of anisotropic interactions, we identify a novel phase where spin order and superradiance coexist, marked by
enhanced superradiance with a photon number significantly exceeding that of the conventional Dicke model.
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Quantum Optics XI

Magic spreading in quantum many-body systems
Piotr Sierant*1, Xhek Turkeshi2, Emanuele Tirrito3,4

1Barcelona Supercomputing Center Plaça Eusebi Güell, 1-3 08034, Barcelona, Spain
2Institut für Theoretische Physik, Universität zu Köln, Zülpicher Strasse 77, 50937 Köln, Germany
3The Abdus Salam International Centre for Theoretical Physics (ICTP), Strada Costiera 11, 34151 Trieste, Italy
4Pitaevskii BEC Center, CNR-INO and Dipartimento di Fisica, Università di Trento, Via Sommarive 14, Trento, I-38123, Italy

Quantum dynamics have captivated physicists for decades, in part due to the promise of quantum advantage—the
potential for quantum devices to outperform classical computers. Entanglement is one of the resources neces-
sary for quantum advantage. However, stabilizer states, despite exhibiting extensive entanglement, can still be
efficiently simulated on classical computers. Quantum advantage, therefore, requires a system to possess also a
significant degree of nonstabilizerness, also known as “magic,” a resource that quantifies how much a system’s
state deviates from stabilizer states. How rapidly are magic resources generated by many-body dynamics under
constraints of locality?
In this talk, I will address this question and discuss non-stabilizerness growth in quantum many-body systems.
I will begin by describing the problem of magic spreading under the dynamics of brick-wall random unitary
circuits [1], which combine principles of locality and unitarity, serving as a minimal model of ergodic many-body
dynamics. For this model, a replica trick enables the investigation of non-stabilizerness dynamics on classical
computers for systems comprising thousands of qubits. Our main finding is that magic resources equilibrate to
their long time saturation values [2] already on timescales logarithmic in system size N , [1], differently from the
entanglement entropy, see Fig. 1. Finally, I will discuss how the findings for random quantum circuits provide a
reference point for studies of Floquet models and Hamiltonian systems [3].

Fig. 1: Magic spreading in random quantum circuits which serve as minimal model of local many-body dynamics. A system of N qudits
is prepared at time t = 0 in a product state |Ψ0⟩ with low-magic resources. Evolution under a quantum circuit comprising local Haar-
random gates increases the nonstabilizerness of the state (denoted by the red gradient) and scrambles quantum information (symbolized by
the light-cone). The nonstabilizerness approaches its long-time saturation value up to a given tolerance ϵ ≪ 1 at time tmag

sat ∝ lnN , scaling
logarithmically with system size N , while distant qudits become entangled only after a longer time tentsat ∝ N .
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A single emitter emitting resonance fluorescence into a coherent probe
beam

T. Lamich*1, L. Zarraoa1, R. Veyron1, M. W. Mitchell1,2
1ICFO - Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology, 08860 Castelldefels, Barcelona,

Spain
2ICREA - Institució Catalana de Recerca i Estudis Avançats, 08010 Barcelona, Spain

Resonance fluorescence from a single emitter is a paradigmatic quantum light source, in which a two-level system
is coherently driven by laser light, and in response emits light that is anti-bunched, squeezed, and entangled. In
2021, Goncalves et al. [1] studied a variant of resonance fluorescence, in which the driven single emitter is placed
in a probe beam containing a weak coherent state, a scenario that allows for both interference of laser light against
resonance fluorescence, and stimulated emission by a single emitter.

We present an experimental implementation of the Goncalves et al. scheme, focussing on the exotic non-
classical correlations produced in this way. A number of interesting and potentially useful features are predicted
by Goncalves et al., including (under different conditions of pump-probe relative phase and power) the complete
extinction of the probe, amplification of the probe and generation of extremes of antibunching and bunching, i.e.,
g(2) approaching zero or infinity. The predictions for transmitted power and g(2) can be given in terms of a single
parameter, an effective coupling efficiency suggesting that interference can be used to make up for geometrical and
technical limitations on the coupling to single atoms.

We use a single atom far-off-resonance trap in a “Maltese cros” geometry of four high numerical aperture lenses
[2] to realise the interaction between a 87Rb atom, a strong pump beam, and a weak probe beam as described in
the proposed scheme [1]. We will present a scheme for using the transmission measurement not only to show the
interference effects but also to sort individual atoms based on the relative pump-probe phase at the moment of
measurement, thus achieving the post-measurement phase stabilisation necessary for the g(2) measurements.

FIG. 1: (a) A strong pump beam excites a single atom acting as a single two-level emitter, while a weaker probe
beam is also focused on the atom [1]. (b) Observation of phase-sensitive g(1) correlations in the transmitted probe
beam. The blue histogram shows collected photons per millisecond averaged over the pump-probe phase, and the

orange histogram shows the same with a nearly constant phase. The resulting arcsine-like distribution makes
evident the interference of laser and resonance fluorescence light.
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Beyond Single-Atom Coupling: Self-Organization through
Cavity-Induced Atom-Pair Interactions in a Fermi Gas

Sankalp Sharma*1, Farokh Mivehvar2, Tomasz Wasak †1

1 Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Toruń, Grudzia̧dzka
5, 87-100 Toruń, Poland

2 Institut für Theoretische Physik, Universität Innsbruck, A-6020 Innsbruck, Austria

Engineering strong interactions in fermionic quantum systems through light-matter coupling enables the explo-
ration of novel phases of matter and the creation of highly correlated states with applications in quantum commu-
nication, computation, and metrology. While single-atom–photon coupling has received considerable attention,
the collective excitation of atom pairs by single photons can unlock fundamentally new regimes of correlated
many-body dynamics [1,2]. Here, we develop a theoretical framework to describe fermionic atoms in an optical
cavity, where each photon interacts simultaneously with a pair of atoms. This pairwise coupling induces an ef-
fective atom-atom interaction mediated by the photon field, which we show can lead to spontaneous breaking of
translational invariance and self-ordering of the atomic ensemble. By analyzing the structure of the ordered state
as a function of pump and atom-atom interaction strength, we map out a phase diagram, unveiling nontrivial so-
lutions that signal transitions between distinct quantum phases. Our results demonstrate how cavity-mediated pair
interactions in fermionic ensembles can be harnessed to realize and control emergent ordered phases, paving the
way for further studies of exotic light-induced phenomena and the development of novel quantum technologies.

Fig. 1: Left: Schematic diagram for the transversal pumping in the cavity. A fermionic cloud inside an optical
cavity is pumped by a laser with frequency ωP transversely. The coupling between the atomic cloud and the cavity
field is captured by the single-mode coupling strength Ω∆. Right: The diagram of the energy levels relevant of
pairs of atoms gg and a molecule ∆. By ∆A and ∆c we denote detunings from the molecular state with energy
ωB and cavity photon energy ωc, respectively.
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cavity photons for entanglement generation. Physical Review Research 7.1 (2025): L012038.
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Phase Diagram of the Disordered U(1) Quantum Link Model
Created by Ultracold Alkaline-Earth-Like Atoms on a Two-Leg Ladder

M. Rakov*1, L. Tagliacozzo2, M. Lewenstein3,4, T. Chanda5, J. Zakrzewski1
1Department of Physics, Astronomy and Applied Computer Science, Jagiellonian University in Krakow,

ul. Lojasiewicza 11, 30-348 Kraków, Poland
2Instituto de Fisica Fundamental IFF-CSIC, 28006 Madrid, Spain
3Institut de Ciencies Fotoniques (ICFO), 08860 Barcelona, Spain

4ICREA, 08010 Barcelona, Spain
5Department of Physics, Indian Institute of Technology Madras, Chennai, Tamil Nadu 600036, India

Lattice gauge theories (LGTs) are a successful theoretical framework to regularize strong-interacting-field theories,
and therefore they became the bedrock of our current understanding of three of the four fundamental forces in
nature. The cornerstone of LGTs is local invariance of the Hamiltonian of the system under a symmetry that
describes the force under consideration (either Abelian, like U(1) in QED, or non-Abelian, like SU(3) in QCD).

In the recent decade it became experimentally feasible to simulate LGTs in a laboratory setup of condensed
matter physics, using Rydberg atoms, trapped ions, superconducting quantum circuits, and Josephson junctions.
This opened a prospect to experimental study of many intriguing but yet hitherto unfeasible phenomena.

A peculiar experimental protocol was implemented in Ref. [1] for simulation of spin-1/2 U(1) quantum link
model. The protocol is based on placing ultracold 171Yb or 87Sr atoms in their ground (1S0) and metastable excited
(3P0) states into optical lattice potential. The emerging Hamiltonian can be mapped to LGT model on a ladder
with half-filled fermionic matter (analogous to electron-positron pairs in QED) and spin-1/2 gauge links:

H = m
∑

i=1,...,Nx
j=1,2

(−1)i+jψ†
(i,j)ψ(i,j) −

∑
i=1,...,Nx−1

j=1,2

[ψ†
(i,j)U(i,j),(i+1,j)ψ(i+1,j) + h.c.]−

−Jy
∑

i=1,...,Nx

[ψ†
(i,1)U(i,1),(i,2)ψ(i,2) + h.c.]−

∑
i=1,...,Nx

δJ i
y[ψ

†
(i,1)U(i,1),(i,2)ψ(i,2) + h.c.] (1)

with local charge conservation constraint at each fermionic site (Gauss’ law). The fermionic mass m and the hop-
ping strength Jy along y-axis are derived from the parameters of the optical lattice potential as well as interactions
and chemical potentials of the atoms in ground/metastable states (the hopping along x-axis is rescaled to 1). In
realistic situation the entire statistical ensemble of such Hamiltonians must be considered, which is reflected in the
random uniform disorder of the hopping strength: δJ i

y ∈ [−δJy, δJy] with δJy ≤ Jy .
The phase diagram of the Hamiltonian (1) without disorder (δJy = 0) was discussed in detail in Refs. [2, 3].

At m ̸= 0 the system exhibits two phases with nonzero vorticity of its plaquettes: vortex-antivortex (VA) phase
at small hopping strength and vortex-zero flux (V0) phase at large hopping strength. Moreover, it also exhibits a
symmetry protected topological (SPT) phase with vanishing long-range parity order at m = 0 around Jy = 1. The
transition between the VA phase and the V0 phase is second-order and has Ising universality class.

We address the phase diagram in presence of disorder (δJy > 0) using density matrix renormalization group
(DMRG) method. It allows for relatively fast and highly precise simulation of the ground state of the system of
almost arbitrary size. In particular, we demonstrate it by evaluation of long-range parity order OP in the system.
While at δJy = 0 and m = 0 we obtain OP = 0 up to machine precision, at δJy > 0 the long-range parity order
OP

δJy
∼ 10−3 > 0, which means breaking of ZR

2 reflection symmetry of the system, and thus the SPT phase is
destroyed by the disorder.

On the other hand, we confirm that the other two phases, the VA phase and the V0 phase, are robust even
to large disorder (in the VA phase the system just acquires residual longitudinal magnetization SL > 0). We
address the transition between these two phases for δJy > 0 at several fixed nonzero values of m. In particular, for
m = 0.25 the transition remains of Ising universality class up to a relatively large disorder strength δJy ≃ 1.4m
(with discontinuous jump of the longitudinal magnetization and slight shift of the transition point). However, at
δJy > 1.4m we observe almost linear dependence of the longitudinal magnetization SL on the hopping strength
Jy for any system size, and the transition apparently changes to first-order.
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Realizing Integer and Fractional Quantum Hall states with a few rapidly
rotating Fermions

M. Gałka*1, P. Hill1, P. Lunt1, J. Reiter1, P.M. Preiss2, S. Jochim1

1Physikalisches Institut der Universität Heidelberg, Im Neuenheimer Feld 226, 69120 Heidelberg, Germany
2Max Planck Institute of Quantum Optics, Hans-Kopfermann-Str. 1, 85748 Garching, Germany

The fractional quantum Hall (FQH) effect exhibits remarkable states that due to strong correlations and topo-
logical nature host exotic properties such as fractionally charged quasi-particles and anyonic exchange statistics.
Realizing these states in scalable engineered systems holds great potential for deepening our understanding of
their microscopic origins, yet it remains a challenge. One fundamental class of FQH states is represented by the
celebrated Laughlin wavefunction, which describes a strongly correlated state in which the interaction energy is
minimized by incorporating the relative angular momentum between all constituents.

Here we present the direct realisation of the two-particle Laughlin wavefunction by rapid rotation of two
interacting spinful fermions in a tight optical tweezer [1]. We owe this result to our newly established experimental
tools allowing us to precisely shape and modulate our optical potentials using coherently interfering laser fields [2].
Using a single atom and spin resolved imaging technique we sample the Laughlin wavefunction and reveal its
distinctive features: a ground state distribution in the center-of-mass motion, a vortex distribution in the relative
motion (see Fig. 1), correlations in the relative angle of the two particles, and the suppression of inter-particle
interactions.

Building on this technique, we show recent results on larger systems: we realize a two-component integer quan-
tum Hall (IQH) state comprising 3+3 spinful fermions and observe a hallmark feature of IQH states – a uniform
flattening of the density distribution. Together with the tunability of interactions, this brings within experimental
reach the atom-by-atom assembly of larger FQH states and the observation of a precursor of a quantum phase
transition between IQH states of weakly interacting fermions and FQH states of interacting bosonic molecules.
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Fig. 1: Normalized momentum-space density in center-of-mass and relative coordinates. The center-of-mass motion has a Gaussian shape.
The angular momentum is incorporated in the relative motion of the particles, resulting in an azimuthally symmetric vortex distribution of the
density. Note that a small admixture ∼ 1% of a Feshbach molecule is visible as a peak at zero relative momenta. Figure from [1].
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Quantum rotor in a two-dimensional mesoscopic Bose gas
M. Suchorowski*1, A. Badamshina2, M. Lemeshko3, M. Tomza1, A. G. Volosniev3,4

1Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland
2Department of Physics, ETH Zurich, 8093 Zurich, Switzerland

3 Institute of Science and Technology Austria (ISTA), am Campus 1, 3400 Klosterneuburg, Austria
4 Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus C, Denmark

The angulon quasiparticle provides a powerful framework for describing a rotating impurity immersed in a
quantum many-body environment [1]. It has been used to describe experimental data in systems such as molecules
embedded in superfluid helium nanodroplets [2]. Theoretical research also predicts that the angulon emerges in
other settings involving impurities with angular momentum, such as molecular ions in ultracold gases [3] and
charge-transfer excitons in lead halide perovskites [4].

In our study, we explore the formation and stability of the angulon quasiparticle in a system of a molecular
quantum rotor interacting with a two-dimensional Bose gas. Our methodology allow us to study this system in
the crossover from few- to many-body physics. We demonstrate that angulon-like behavior emerges when the
surrounding bosonic cloud is sufficiently large to effectively screen the rotor. However, we also show that as the
system size increases further, or as its angular momentum becomes large, the angulon picture gradually breaks
down. In this regime, the system is instead governed by collective excitations of the Bose gas, marking a transition
from a quasiparticle description to a many-body-dominated dynamics.

In addition to characterizing this crossover, we will discuss potential directions for future research, particularly
the role of nonlinear excitations such as solitons and vortices, which may emerge due to rapid impurity rotation.
These findings offer insights into the interplay between few- and many-body physics and open new possibilities
for studying impurity dynamics in ultracold gases. The talk will be based on our recent work [5].

condensate size

(a) (b)

few-body physics angulon quasiparticle metastable angulony

x

ry (φI) rx (φI)
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Fig. 1: Schematic representation of our study. Panel (a) shows a molecular linear rotor in a two-dimensional
system of bosons. Panel (b) illustrates regimes of the system in panel (a) depending on the number of bosons, N :
a few-body state, an angulon state, and a collective excitation state.
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Interaction-based and imaginary time-based bosonic pairing mechanisms
 T. P.  Polak 1 

Institute of Spintronics and Quantum Information,  
Faculty of Physics, Adam Mickiewicz University in Poznań 

We compare two kinds of bosonic pairing, with two different sources: second order terms 
in the series expansion of the correlation function and the density-induced tunnelling 
interaction. Both types of pair condensate strengthen the single condensate phase, 
increasing the critical temperature of bosonic condensation. Since they stem from two 
different mechanisms but can conceal each other we prepare protocol to distinguish 
between them. We apply the self-consistent harmonic approximation to the quantum phase 
model with single and pair condensation terms to study the thermodynamics of both kinds 
of pairing and add synthetic magnetic Þelds into the systems to look for possible ways to 
differentiate between the two kinds of pair condensate in experiments.

[1] Krzywicka, A., Polak, T.P. Reentrant phase behaviour in systems with density-induced 
tunnelling. Sci Rep 14, 10364 (2024).  
[2] Krzywicka, A. & Polak, T. Coexistence of two kinds of superfluidity at finite temperatures in 
optical lattices. Ann. Phys. 443, 168973 (2022). 
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Valid and efficient entanglement verification with finite copies of a
quantum state

Paweł Cieśliński*1, Jan Dziewior2,3,4, Lukas Knips2,3,4, Waldemar Kłobus1,Jasmin Meinecke2,3,4,Tomasz
Paterek1,5,Harald Weinfurter2,3,4,Wiesław Laskowski1

1Institute of Theoretical Physics and Astrophysics, University of Gdańsk, 80-308 Gdańsk, Poland
2Max Planck Institute for Quantum Optics, 85748 Garching, Germany

3Faculty of Physics, Ludwig Maximilian University, 80799 Munich, Germany
4Munich Center for Quantum Science and Technology, 80799 Munich, Germany

5School of Mathematics and Physics, Xiamen University Malaysia, 43900 Sepang, Malaysia

Quantum entanglement is long recognised as an important prerequisite of modern quantum technologies. Its
detection is accordingly a well-studied topic with a plethora of different methods available. The field has evolved
towards strategies directly applicable to experimental data which inevitably is limited to a finite number of detection
events. Interestingly, the analysis of small data sets also allows to detect entanglement, see e.g.[1,2,3,4]. Due to
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Fig. 1: Probability distributions for obtaining a specific value of a certain nonlinear entanglement witness S with
finite statistics. The witness uses only two correlation measurements, each estimated with n = 10 (squares) or
n = 100 (circles) copies of the states. The probability distribution given an entangled state is marked in red, while
the blue color corresponds to the worst-case separable state. For larger statistics, the two distributions have small
overlap making it easy to verify that an entangled state was prepared. For smaller statistics the overlap is significant
and care has to be taken even if big values of the witness are observed.

their finiteness, any conclusion about our state is, however, inevitably probabilistic. By far the two most prominent
ways to quantify the validity of such a probabilistic statements are the confidence and the credibility, respectively
related to the Frequentist and Bayesian approaches.

We showed explicitly that for small data sets it is necessary to consider not only P (Q|sep), i.e. the probability
of a separable state to yield particular values of the witness Q, but also P (Q|ent) of entangled states. This is
illustrated in Fig. 1, which shows that for smaller statistics one is required to go to more and more strict criteria to
reliably distinguish between results compatible with entangled and separable states. Thus, confidence or credibility
is not the only figure of merit and we argue that one also has to include the efficiency, i.e. P (Q|ent), of the method
as an integral part of any useful measurement scheme. We have introduced a universal procedure that allows the
extension of any entanglement witness to the domain of finite statistics. Based on probability distributions for finite
copies correlations we defined the measures of validity and efficiency, applicable to any entanglement detection
scheme, from the points of view of both Frequentist and Bayesian interpretation. As an example, we derive the
optimal number of measurement settings and distribution of clicks per setting for a linear and nonlinear witnesses
that guarantee high validity and efficiency of entanglement verification with only 20 copies of a noisy N qubit
GHZ state. The methods introduced are directly applicable to raw data and should be especially helpful for a
resource-efficient estimation of the performance of a known apparatus subject to variations of external parameters
or in multipartite experiments with rare detection events, e.g., multi-photon setups based on coincidence clicks.
References
[1] R. Blume-Kohout et al., Entanglement verification with finite data, Phys. Rev. Lett. 105, 170501 (2010).
[2] A. Dimić and B. Dakić, Single-copy entanglement detection, npj Quant. Inf. 4, 11 (2018).
[3] K. Wang and M. Hayashi, Optimal verification of two-qubit pure states, Phys. Rev. A 100, 032315 (2019).
[4] V. Saggio and P. Walther, Few-copy entanglement detection in the presence of noise, Annalen der Physik 534, 2100597
(2022)
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Double unstable avoided crossings and complex domain formation in
anti-ferromagnetic spin-orbit coupled spin-1 condensates

Sanu Kumar Gangwar1, Rajamanickam Ravisankar*2, Henrique Fabrelli3, Paulsamy Muruganandam4,
Pankaj Kumar Mishra†1

1Department of Physics, Indian Institute of Technology, Guwahati 781039, Assam, India
2Department of Physics, Zhejiang Normal University, Jinhua 321004, PR China
3Centro Brasileiro de Pesquisas Fı́sicas, 22290-180 Rio de Janeiro, RJ, Brazil

4Department of Physics, Bharathidasan University, Tiruchirappalli 620024, Tamil Nadu, India

The realization of spin-orbit coupled spin-1 Bose-Einstein condensates offers a highly versatile platform to explore
novel quantum phenomena, owing to the tunability of coupling strength and atomic interactions [1,2]. Here, we
numerically and analytically analyze the impact of spin-orbit and Rabi couplings on the dynamical stability of spin-
orbit-coupled spin-1 Bose-Einstein condensates for ferromagnetic (FM) and antiferromagnetic (AFM) interactions.
We employ Bogoliubov-de-Gennes theory to determine the collective excitation spectrum and characterize the
dynamical stability regime via modulational instability. For AFM interactions, the eigenspectrum reveals the
presence of both stable and unstable avoided crossings (UAC), with the first-excited branch undergoing a double
unstable avoided crossing. This behavior was earlier reported in AFM interactions in the presence of the magnetic
field [3,4]. In contrast, for ferromagnetic interactions, only a single UAC is observed, occurring between the
low-lying and first-excited branches [5]. The eigenvectors demonstrate a transition from density-like to spin-like
behaviour as the collective excitation shows the transition from stable to unstable mode for both the FM and AFM
interactions. In the multi-band instability state, eigenvectors display spin-density mixed mode, while they show
a spin-flip [6] nature in the avoided crossing regime. Our analysis suggests that spin-orbit coupling enhances the
instability gain, while Rabi coupling tends to play the opposite role. Finally, we corroborate our analytical findings
of stable and unstable regimes through numerical simulations of the dynamical evolution of the condensates, by
introducing the perturbations upon quenching the trap strength. The dynamical phases show the formation of
complex domains with AFM interaction [4], which may be attributed to the presence of the double unstable avoided
crossings in such systems.
References
[1] D. Campbell, R. Price, A. Putra, A. Valdés-Curiel, D. Trypogeorgos, and I. Spielman, Magnetic phases of spin-1 spin–orbit-
coupled bose gases, Nat. Commun. 7, 10897 (2016).
[2] X. Luo, L. Wu, J. Chen, Q. Guan, K. Gao, Z.-F. Xu, L. You, and R. Wang, Tunable atomic spin-orbit coupling synthesized
with a modulating gradient magnetic field, Sci. Rep. 6, 18983 (2016).
[3] Z. Pu, J. Zhang, S. Yi, D. Wang, and W. Zhang, Magnetic-field-induced dynamical instabilities in an an- tiferromagnetic
spin-1 bose-einstein condensate, Phys. Rev. A 93, 053628 (2016).
[4] J. Kronjäger, C. Becker, P. Soltan-Panahi, K. Bongs, and K. Sengstock, Spontaneous pattern formation in an antiferromag-
netic quantum gas, Phys. Rev. Lett. 105, 090402 (2010).
[5] S. K. Gangwar, R. Ravisankar, H. Fabrelli, P. Muruganandam, and P. K. Mishra, Emergence of unstable avoided crossing
in the collective excitations of spin-1 spin-orbit-coupled Bose-einstein condensates, Phys. Rev. A 109, 043306 (2024).
[6] M. Abad and A. Recati, A study of coherently coupled two-component Bose-einstein condensates, Eur. Phys. J. D 67, 1
(2013).
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Enhancing Sensitivity
Using Uncorrelated Initial States

D. A. Hamza *, J. Chwedeńczuk†,
Faculty of Physics, University of Warsaw, ulica Pasteura 5, PL-02-093 Warsaw, Poland

A scheme utilising a set of double-well potentials loaded with Bosonic particles is proposed to enhance the Quan-
tum Fisher Information (QFI). We consider M double-wells aligned along one axis(1D), and each double-well
is populated on average with n̄ bosonic particles as shown in Fig. 1. We first do the mixing between the adja-
cent modes of two double-wells, and than independent rotations along Ĵ

(i)
j where jϵ{x, y}. The generator of the

interferometric transformation is ĥ =
∑M

i=1 Ĵ
(i)
j , as all Ĵ (i)

j commute, we can write QFI as follows [1]

Fq = 4∆2ĥ = 4

M∑
i=1

∆2Ĵ i
j + 8

M∑
i̸=l=1

(
⟨Ĵ i

j Ĵ
l
j⟩ − ⟨Ĵ i

j⟩⟨Ĵ l
j⟩
)
. (1)

Fig. 1: An array of M double-well potentials subjected to interferometric transformation Exp[−iθĴ i
j ] acquiring

same phase θ.

A key finding of this study is that employing uncorrelated initial states
⊗M

i=1 |n, 0⟩i results in a sensitivity
enhancement equal to that achieved with highly squeezed states

⊗M
i=1 |

n
2 ,

n
2 ⟩

i [2]. Using uncorrelated initial states
ρ(M) =

⊗M
i=1

∑n
ni=0 pni |ni, n − ni⟩⟨ni, n − ni| , we have demonstrated that QFI can surpass the standard

quantum limit even in the presence of particle number fluctuations as shown in Fig. 2 [3].

Fig. 2: Figure shows the normalized fisher information lognM [Fq] with different initial states, where |ψCSS⟩ is
coherent spin state and |ψα⟩ is the spin squeezed state . Left panel shows the dependence of Fq on the amount
of squeezing, with two interferometric scheme, Mach-Zehnder Interferometer(black solid) and Beam-Splitter(red
dotted). Right panel shows the dependence of Fq on particle number fluctuations modeled with gaussian(black)
and flat(red dotted) distributions.

References
[1] L. Pezzé and A. Smerzi, Phys. Rev. Lett. 102, 100401 (2009).
[2] M. Płodzień et al., Phys. Rev. Lett. 129, 250402 (2022).
[3] D. A. Hamza and J. Chwedeńczuk to be published.
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Beating one bit of communication with and without quantum
pseudo-telepathy

I. Márton*1

E. Bene1 P. Diviánszky2 T. Vértesi1
1HUN-REN Institute for Nuclear Research, P.O. Box 51, Debrecen, H-4001, Hungary

2Faulhorn Labs, Budafoki út 91-93, Budapest, H-4117, Hungary

The cornerstone of Bell’s theorem is that certain entangled states cannot be simulated with classical theory, namely
with local hidden variables (LHV). One of the forefront of the investigations has been the number of bits neces-
sary to simulate entangled states. Previous studies [1-3] have concluded that it is possible to simulate projective
measurements on any two-qubit entangled state with one bit of classical communication. Therefore we carried out
investigations in higher dimensional quantum systems.

In particular, we study Bell inequalities with a limited number of inputs and outputs, focusing on scenarios in
which bipartite correlations resulting from measurements on higher-dimensional states cannot be reproduced with
one bit of classical communication. In this study, we constructed Bell-like inequalities that are satisfied by all one-
bit models and then we searched for quantum violation. We present several examples for which the one-bit bound
has been violated with two-qudit systems. These examples are based on four types of Bell inequalities, including
the CHSH inequality [4], the Magic square game [5], the family of CGLMP inequalities [6], and Platonic Bell
inequalities [7].

We used novel numerical techniques to compute the one-bit classical bound (L1bit). In some specific cases,
L1bit was computed by heuristics, but all other values for L1bit were computed exactly using the so-called branch-
and-bound algorithm. The elegant structure of the expressions allowed us to find the exact quantum maximum and
set nontrivial upper bounds on the one-bit score.

Fig. 1: (a) The 63 × 63 dimensional E7 Platonic construction. (b) The correlation pattern E = (Exy) of the
optimal one-bit strategy. Each row x is labeled by the communicated bit c = 0 or 1. For c = 0 (c = 1) the entries
Exy = −1 are marked in black (gray), while entries with Exy = +1 are marked white.

References
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Rev. Lett. 88, 040404 (2002).
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Anderson localization in photonic time crystals
K. S. Eswaran1,2, A. E. Kopaei1,2, K. Sacha2

1Szkoła Doktorska Nauk Ścisłych i Przyrodniczych, Wydział Fizyki, Astronomii i Informatyki Stosowanej, Uniwersytet
Jagielloński, ulica Profesora Stanisława Łojasiewicza 11, PL-30-348 Kraków, Poland

2Instytut Fizyki Teoretycznej, Wydział Fizyki, Astronomii i Informatyki Stosowanej, Uniwersytet Jagielloński, ulica
Profesora Stanisława Łojasiewicza 11, PL-30-348 Kraków, Poland

Solutions of the wave equations for time-independent disordered media can exhibit Anderson localization where
instead of wave propagation we observe their localization around different points in space. Photonic time crys-
tals are spatially homogeneous media in which the refractive index changes periodically in time, leading to the
formation of bands in the wave number domain. By analogy to Anderson localization in space, one might expect
that the presence of temporal disorder in photonic time crystals would lead to Anderson localization in the time
domain. Here, we show that indeed periodic modulations of the refractive index with the addition of temporal
disorder lead to Anderson localization in time, where an electromagnetic field can emerge from the temporally
modulated medium at a certain moment in time and then decay exponentially over time1. Thus, we are dealing
with a situation where, in a fluctuating three-dimensional medium, the birth and death of waves can occur, and the
mechanism of this phenomenon corresponds to Anderson localization.

References
[1] K. S. Eswaran, A. E. Kopaei, K. Sacha, Phys. Rev. B, 111(18), L180201 (2025).
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Superradiant pulse trains in inhomogeneously broadened emitter 
ensembles

L. Ruks*1,2, W. J. Munro3
1.NTT Basic Research Laboratories, NTT Corporation, 3-1 Morinosato Wakamiya, Atsugi, Kanagawa, 243-0198, Japan

2NTT Research Center for Theoretical Quantum Information, NTT Corporation, 3-1 Morinosato Wakamiya, Atsugi, Kanagawa, 243-0198, 
Japan

3Okinawa Institute of Science and Technology Graduate University, Onna-son, Okinawa 904-0495, Japan

Coherent, periodic optical pulses underpin crucial technologies in telecommunications, metrology, and optical 
computing. In traditional lasing, coherence is primarily stored in the electromagnetic field. However, recent 
advances have shown that coherence among emitters, arising from collective interactions, can enable steady-
state lasing [1] and pulse generation [2] with enhanced performance characteristics. Pulse trains emerging from 
such microscopic collective interactions could similarly unlock new technological possibilities and improved 
performance in optical devices.

In this theoretical study, we examine a minimal microscopic model consisting of an incoherently pumped 
ensemble of two-level emitters coupled to an optical cavity. We demonstrate coherent, periodic emission of 
superradiant pulses specifically enabled by inhomogeneous broadening, which couples the ensemble’s collective 
dipole to otherwise inaccessible dark states, and generates feedback that inhibits steady-state relaxation. The 
narrowing of the pulse duration, characteristic of superradiance, is observed as the number of emitters is 
increased. In addition, we show that dephasing mechanisms can serve not only to stabilize coherent pulse trains 
but, under certain conditions, can also restore steady-state emission, and we delineate the parameter regimes 
associated with each phase.

As an illustrative application, we finally show that spin diffusion—a common decoherence mechanism in dense, 
solid-state emitter ensembles—can induce superradiant pulse trains even without external incoherent pumping 
[3]. These findings illuminate the rich non-equilibrium phenomena in mesoscopic emitter ensembles and could 
provide novel pathways toward advanced laser technologies.

Fig. 1: (a) A cavity of line width κ is coupled to an ensemble of two-level emitters with inhomogeneous line 
width Γ, which are incoherently pumped with rate r. (b) Cavity intensity ∣𝑎𝑎(𝑡𝑡)∣2 and ensemble inversion Se reveal 
a periodic sequence of pulses in the emission of the ensemble. A single superradiant pulse is shown in the inset.

References
[1] Bohnet, Justin G., et al.  Nature 484.7392 (2012): 78-81.
[2] Norcia, Matthew A., et al. Science advances 2.10 (2016): e1601231.
[3] Kersten et al. arXiv:2402.08537
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Nanoscale stacked ring geometry for efficient excitation transfer
Arpita Pal*1, Raphael Holzinger1, Maria Moreno-Cardoner2, Helmut Ritsch1

1Institut für Theoretische Physik, Universität Innsbruck, Technikerstraße 21a, A-6020 Innsbruck, Austria
2Departament de Fı́sica Quàntica i Astrofı́sica and Institut de Ciències del Cosmos, Universitat de Barcelona, Martı́ i Franquès

1, E-08028 Barcelona, Spain

Nature relies on ring-shaped light-harvesting (LH) complexes for the highly efficient photosynthetic process. In a
much simplified picture, these LH complexes could be theoretically modeled as sub-wavelength rings of optical
dipoles, which partially explains their superior optical properties [1-4], for instance, very dark collective eigen-
modes and efficient transport of the excitation. Here taking inspiration from the biological nonameric LH2 rings
[5-6] [Fig.1(a)], we theoretically propose a stacked three-dimensional (3D) ring structure formed of two-level
atoms, with a diameter of 400 nm [7] [Fig.1(b)]. This artificial nanoring features highly efficient inter-layer ex-
citation transfer for certain dipole orientations [Fig.1(c),(d)] within the geometry, in particular, from the sparse
to the dense ring layer of quantum emitters, when operated at zero temperature [7]. Our findings are useful for
future nanophotonic designs across various platforms, operating at cryogenic temperature where interacting dipole
description would remain valid and dominant.

Fig. 1: (a) Biological LH2 complex [taken from [8] (flipped vertically for the analogy)], (b) Bio-inspired nonameric
3D ring structure with ring layers R1 and R2 [7]. Small black-solid lines indicate the tangential dipole orientation.
(c) Dipole orientation angles (θ, ϕ) of the ith dipole with dipole-moment µi [7]. (d) Inter-layer excitation transfer
ετ (R1 ⇒ R2) for the artificial nanoring [Fig.(b)] with tunable dipole-orientations in ring R2 [7].

Table 1: Estimated nearest-neighbor distances (rij) and inter-layer separations (Z1) (in Å) in the nonameric LH2
[Fig. 1(a)] (from Refs. [6,9]) and LH2-inspired nanoring [Fig. 1(b)] Ref. [7].

Description Biological LH2 Nanoscale rings
Intra-ring R1 (Å) 21.3 [9] 1368 [7]
Ring R2a(b)

(Å) 9.2, 9.5 [9] 694 [7]
Inter-ring (R1 - R2a(b)

) (Å) 17.6, 18.3 [9] 800 [7], 1059 [7]
Z1(Å) 16.5 [6] 800 [7]

Grant acknowledgments: This research was funded in whole or in part by the Austrian Science Fund (FWF)
10.55776/ESP682. We also acknowledge support from Forschungsgruppe FG 5 (FWF); 10.55776/W1259 (FWF)
(R.H.); 10.55776/COE1 (quantA) (R.H.); Grant No. PID2020-114626GB-I00 from the MICIN/AEI/10.13039/
501100011033 (Government of Spain) (M.M-C).
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Quantum Optics XI
Tunable two-species spin models with Rydberg atoms in circular and

elliptical states
J. Dobrzyniecki*1,2, P. Heim1,3, M. Tomza1

1Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland
2Quantum Systems Unit, Okinawa Institute of Science and Technology Graduate University, Okinawa 904-0495, Japan

3Mathematical Institute, University of Oxford, Oxford OX2 6GG, United Kingdom

We propose a scheme for constructing versatile quantum simulators using ultracold Rydberg atoms in long- lived
circular states (|mℓ| = n − 1) and elliptical states (|mℓ| = n − 2). By exciting different subspaces of internal
atomic states, the atoms can be used to simulate two effective spin species with different spin-spin interactions.
The strengths of transverse and longitudinal spin-spin interactions, both intra- and interspecies, can be controlled
within a wide range of values. This setup can be used to simulate two-species spin models or lattice models with
two sublattices. We show examples of specific models which can be realized [1].

Fig. 1: A visualization of our proposed spin model simulation. We define two distinct two-level subspaces: a pair of circular states, or
a circular + elliptical state pair. Each of these subspaces can be interpreted as a pair of spin-1/2 states. By being driven into one of these
subspaces, an atom (here represented as a green ball) can simulate one of two distinct ”spin species” (represented as blue and red shapes), here
called ”CC” and ”CE”. The dipolar interactions between the atoms map onto effective spin-spin interactions. Different effective spin species
have different interaction scales: interaction between two CE spins is dominated by the Ising coupling ∝ Ŝ1

z Ŝ
2
z , while interaction between two

CC spins, or between CC and CE spins, is dominated by the Heisenberg coupling ∝ Ŝ1
+Ŝ2

−. Nevertheless, by adjusting the atom positions and
external electric field, the magnitudes of both Ising and Heisenberg interactions can be manipulated separately for each spin.

References
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Magic dynamics in many-body localized systems
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5 The Abdus Salam International Centre for Theoretical Physics (ICTP), Strada Costiera 11, 34151 Trieste, Italy
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Understanding how quantum resources propagate in many-body quantum systems is crucial for achieving uni-
versal quantum computation. Nonstabilizerness, also known as quantum magic, characterizes the beyond-Clifford
operations needed to prepare a quantum state and constitutes an essential resource, alongside entanglement, for
achieving quantum advantage. This work investigates how nonstabilizerness spreads under the dynamics of dis-
ordered quantum many-body systems. Using the ℓ-bit model, a phenomenological model of many-body local-
ization (MBL) [2, 3], we present an analytical description of the nonstabilizerness growth in MBL systems. We
demonstrate that our analytical formulas describe the nonstabilizerness growth in strongly disordered quantum
spin chains; further details are available in Ref. [4] (currently in preprint). Our findings establish a new facet of
MBL phenomenology and identify the vital role of the disorder in slowing down the growth of the complexity of
quantum states, important for our understanding of quantum advantage. This work was funded by the National Science Cen-
tre, Poland, project 2021/03/Y/ST2/00186 within the QuantERA II Programme that has received funding from the European Union Horizon
2020 research and innovation programme under Grant agreement No 101017733.

Fig. 1: Magic spreading in disordered quantum systems. In the absence of interactions (III), nonstabilizerness is
described solely by spin precession and saturates to L log2(8/7) (see Ref. [4]). In the interacting case, slow spin
dephasing leads to a power-law growth of nonstabilizerness, MMBL

2 = Msat
2 − c/tβ . For an initial X-polarized

state (I), Msat
2 approaches the Haar value, c = lnD and β = χ ln 2 (see Ref. [4]). Saturation occurs on a timescale

much shorter than that required for the entanglement entropy. For a generic random product state, (II), the growth
of nonstabilizerness is limited.

References
[1] Z.-W. Liu and A. Winter, Many-body quantum magic, PRX Quantum 3, 020333 (2022).
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Hybrid Thermal Machines using Spin-Mechanical Interactions
M. Hatifi*1,2, A. Nayak†1, J. Twamley1

1Quantum Machines Unit, Okinawa Institute of Science and Technology Graduate University, Onna, Okinawa, Japan
2Aix Marseille Univ, CNRS, Centrale Med, Institut Fresnel, UMR 7249, 13397 Marseille, France

Spin-mechanical coupled systems offer exciting opportunities for applications in quantum sensing, simulations,
and transduction by leveraging both spin and mechanical subsystems [1, 2]. In this work, we present a frame-
work for developing quantum thermal machines—a quantum battery and a quantum Otto engine—using a sin-
gle Nitrogen-Vacancy (NV) center coupled to a low-frequency, high-Q mechanical oscillator, with frequency
ωm/2π = 50 Hz [3].

These machines are engineered to operate in a regime where the oscillator’s frequency is much smaller than
the NV center’s spin transition and relaxation rates. We enable on-demand, coherent energy transfer between the
NV center and the oscillator by employing carefully timed microwave pulses and rapid optical resets to spin. In the
quantum battery mode, we demonstrate energy storage in or extraction from the oscillator’s long-lived motional
states via discrete spin flips.

Furthermore, we demonstrate a spin-driven protocol that facilitates a cooling mechanism to reduce the oscil-
lator’s phonon population below thermal equilibrium to single phonon regime, engineering an effective cold bath
for the oscillator. Although there have been several works on spin cooling of oscillators [4, 5], our technique is
also applicable for oscillators with frequencies much smaller than the spin’s decoherence rates. Integrating this
spin-cooling mechanism into an Otto cycle while maintaining contact with a hot reservoir enables the realization
of a quantum heat engine operating with only a single heat bath. The proposed engine generates mechanical work
with near-ideal efficiency in finite time without requiring any decoupling from the external thermal environment.

Fig. 1: (a) Proposed Setup: A harmonically trapped diamond containing an NV center is subjected to a gradient
magnetic field B(z) = B0 − Gzz. In the high magnetic-field limit, the NV center can be reduced to a spin-1/2
system with states |0⟩s and |−1⟩s. The spin-mechanical coupling σz(a+ a†) induces a spin-dependent shift in the
trap position, enabling the creation of two thermal machines illustrated in (b) and (c). (b) Quantum Battery: Energy
is stored in the high-quality mechanical oscillator due to the spin-dependent coupling and the long mechanical
coherence time. (c) Quantum Heat Engine: By adiabatically modulating the mechanical frequency between ω1

and ω2 and engineering an effective cold reservoir for the mechanical oscillator, we can enable energy extraction
from the mechanical oscillator using a single external thermal bath.

References
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systems, Proc. Natl. Acad. Sci. U.S.A. 112, 3866 (2015).
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[4] P. Rabl, Cooling of mechanical motion with a two level system: the high temperature regime, Phys. Rev. B 82, 165320
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[5] C. L. Cortes, M. Otten, and S. K. Gray, Ground-state cooling enabled by critical coupling and dark entangled states, Phys.
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Toward Spectroscopy 2.0: multichannel dual-comb spectroscopy of

complex atoms
R. Aramyan*1, O. Tretiak1,2, S. S. Sahoo1,2, D. Budker1,2,3

1Johannes Gutenberg-Universität Mainz, 55128 Mainz, Germany
2Helmholtz-Institut Mainz, GSI Helmholtzzentrum für Schwerionenforschung, 55128 Mainz, Germany

3Department of Physics, University of California, Berkeley, CA 94720, USA

A diverse selection of atomic systems with varied properties is essential for optimizing sensitivity to specific
interactions in fundamental physics experiments, especially in the growing field of searches for new physics using
atoms and molecules [1]. Although atomic databases provide valuable references, their coverage remains limited,
particularly for rare-earth and actinide elements, because of the extreme complexity of their dense atomic spectra,
which pose challenges for both theoretical modeling and experimental exploration. To address these challenges,
Spectroscopy 2.0 has been proposed as a transformative framework for modern spectroscopy [2]. It outlines a path
forward by combining three core components:

1) Massively parallel spectroscopic tools,
2) Tunable high magnetic fields to probe new degrees of freedom,
3) State-of-the-art many-body theory, powered by modern computation and machine learning.
In this work, we contribute to this vision by demonstrating a multichannel dual-comb spectroscopy (DCS)

technique that enables high signal-to-notice ratio, ambiguity-free, broadband spectral acquisition across multiple
detection channels simultaneously [3]. In addition, we have implemented a data acquisition system, used in our
previous work [4] that is capable of performing gapless averaging of power spectral density spectra with a band-
width of 125 MHz and a resolution better than 1 Hz. We used this system to investigate samarium vapor, measuring
absorption over a 52 nm bandwidth. The experiment resolves a dense set of spectral lines, including several previ-
ously unreported ones, showcasing the power of the technique to investigate complex atoms in a massively parallel
regime.

Furthermore, we will present a new compact cell design optimized for high magnetic field spectroscopy, suit-
able for use with various complex atomic species. This design is compatible with extreme field environments,
including magnetic fields up to 100 T [5,6], and supports the extension of Spectroscopy 2.0 to previously un-
explored regimes. The architecture of magnets used to reach such high fields typically features narrow bores,
often only a few centimeters or millimeters in diameter, which significantly limit the physical size of spectroscopy
cells. This poses a particular challenge for the evaporation of rare-earth elements, which require high temperatures
(> 1000 ◦C).

References
[1] M. Safronova et al., Search for new physics with atoms and molecules, Reviews of Modern Physics 90, 025008 (2018).
[2] R. Battesti et al., High magnetic fields for fundamental physics, Physics Reports 765766, 1(2018).
[3] R. Aramyan et al., arXiv: 2502.14126
[4] O. Tretiak et al., Improved bounds on ultralight scalar dark matter in the radio-frequency range, Phys. Rev. Lett. 129(3),
031301 (2022).
[5] B. Hervieu et al., Cryogenic design of the 43 T LNCMI Grenoble hybrid magnet, Physics Procedia 67, 692 (2015).
[6] J. Beard et al., Design and tests of the 100-T triple coil at LNCMI, IEEE Transactions on Applied Superconductivity 28, 1
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Quantum Optics XI
Detecting Bell correlations beyond two measurement settings with spin-f

systems
A. Kobus1, Xinwei Li2, M. Gajda1, You Li2, E. Witkowska1*

1Institute of Physics Polish Academy of Sciences, Aleja Lotników 32/46 02-668 Warszawa, Poland
2Department of Physics, Tsinghua University, Beijing 100084, China

Bell correlations are named after physicist John Stewart Bell, who first described them in 1964. They refer to
correlations between the outcomes of measurements, performed on particles sharing quantum state, that cannot be
explained by any local hidden variable theory. Bell correlations play a crucial role in the development of quantum
technologies, leveraging the unique properties of quantum systems to perform tasks beyond the capabilities of
classical technologies, including quantum teleportation, quantum cryptography, and quantum computing. In some
applications allowing multisetting Bell scenario which extends the standard one by considering multiple measure-
ment settings per each observe might be profitable.

We explore detection of Bell correlations in spin-f Bose-Einstein condensates generated dynamically from
coherent state with a focus on the role of measurement settings. We define protocols for certifying Bell correla-
tions using a data-driven approach [1] for arbitrary numbers of settings. These Bell correlations are then verified
using recent experimental results for spin-1 BECs [2]. Our results reveal the fundamental characteristics of the
multisetting Bell scenario in spin-f bosonic systems.

References
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W-Class States—Identification and Quantification of Bell-CHSH
Inequality Violation

J. K. Kalaga*1, W. Leoński1, J. Peřina Jr.2
1Quantum Optics and Engineering Division, Institute of Physics, University of Zielona Góra, Prof. Z. Szafrana 4a,

65-516 Zielona Góra, Poland
2Joint Laboratory of Optics, Faculty of Science, Palacký University, 17. listopadu 12, 771 46 Olomouc, Czech Republic

The possibility of the creation and manipulation of quantum states is crucial for the development of quantum infor-
mation theory and its practical applications. In this context, the non-local Bell states are of particular significance.
Quantum states that violate the Bell inequality have found a wide range of applications, and nonlocality, as the
form of the strongest quantum correlations, is suitable as a resource for quantum information processing.

This study focuses on W-class states, which are of particular relevance in this field. These states find extensive
application in quantum information systems, including cryptographic protocols, quantum teleportation, and dense
coding.

To analyse the violation of the Bell-CHSH inequality occurring in two-qubit subsystems, we use the quantity
introduced by Horodecki et al. [1, 2]. The mutual relations between the Bell-nonlocality parameter and entangle-
ment measures, including concurrence [3, 4] and negativity [5, 6], are also revealed. The mutual relation between
two-mode nonlocality parameters in three-qubit systems is also discussed. It is demonstrated that such a system can
be a source of both two-qubit states violating and no-violating the Bell-CHSH inequality. Subsequently, the for-
mulas defining the relations between two-mode nonlocality parameters are investigated. Furthermore, the relations
between the bipartite negativity, concurrence, and the nonlocality parameter are analysed. The study concludes
with the determination of the boundary values of these quantities for states that either violate or do not violate the
Bell-CHSH inequality [7].
Acknowledgment. J.K.K. and W.L. acknowledge the support provided by the program of the Polish Ministry of
Science entitled ‘Regional Excellence Initiative’, project no. RID/SP/0050/2024/1.
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Characterizing far from equilibrium states of the one-dimensional
nonlinear Schrödinger equation

Abhik Kumar Saha*1, Romain Dubessy†2

1Homer L. Dodge Department of Physics and Astronomy and Center for Quantum Research and Technology, The University
of Oklahoma, Norman, Oklahoma 73019, USA

2Université Sorbonne Paris Nord, Laboratoire de Physique des Lasers, CNRS, UMR 7538, F-93430, Villetaneuse, France

We use the mathematical toolbox of the inverse scattering transform to study quantitatively the number of soli-
tons in far from equilibrium one-dimensional systems described by the defocusing nonlinear Schrödinger equation.
We present a simple method to identify the discrete eigenvalues in the Lax spectrum and provide a extensive bench-
mark of its efficiency. Our method can be applied in principle to all physical systems described by the defocusing
nonlinear Schrödinger equation and allows to identify the solitons velocity distribution in numerical simulations
and possibly experiments.
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Unlocking photodetection for quantum sensing by likelihood-free
methods and deep learning

Mateusz Molenda1, Lewis A. Clark2, Marcin Płodzień3,4, Jan Kołodyński1,5
1Institute of Physics, Polish Academy of Sciences, al. Lotników 32/46, 02-668 Warszawa, Poland
2Quantum Innovation Centre (Q.InC), Agency for Science Technology and Research (A*STAR),

2 Fusionopolis Way, No. 08-03 Innovis, Singapore 138634, Singapore
3ICFO-Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology,

08860 Castelldefels (Barcelona), Spain
4Qilimanjaro Quantum Tech, Carrer de Veneçuela 74, 08019 Barcelona, Spain

5Centre of New Technologies, University of Warsaw, Banacha 2c, 02-097 Warsaw, Poland.

Machine learning (ML) algorithms have become powerful tools across various scientific domains, yet their appli-
cation in quantum sciences often suffers from a lack of interpretability. In particular, ML models are frequently
treated as black boxes, making it difficult to extract meaningful insights about their learning process and decision-
making criteria. To address this challenge, we compare a trained ML model with the Approximate Bayesian
Computation (ABC) method for the task of continuous parameter estimation in a nonlinear optomechanical system
probed by photodetection. This system consists of an optical cavity strongly coupled to a mechanical mode what
precludes the usage of traditional estimation techniques that rely on the computation of the likelihood to observe a
particular click trajectory. ML and ABC serve as natural alternatives, yet we demonstrate the former to outperform
the latter in both accuracy and efficiency, primarily due to its ability to exploit quantum correlations encoded in
the patterns of photodetector clicks. While ABC provides reasonable parameter estimates, it requires significantly
longer computational times, making it impractical for real-time applications. In contrast, once trained, the ML
model delivers near-instantaneous predictions, making it particularly advantageous for scenarios where rapid in-
ference is essential. Furthermore, our analysis sheds light on how ML models extract key features from quantum
measurement data, contributing to a broader understanding of their interpretability in physics-driven problems.
This study highlights the potential of ML for accelerating quantum experiments and suggests new avenues for
integrating data-driven approaches with traditional physics-based inference methods.
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photon-counting, Quantum 6, 812 (2022).
[3] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt. Cavity optomechanics, Rev. Mod. Phys. 86 (2014).
[4] S.A. Sisson, Y. Fan, and M. Beaumont. Handbook of Approximate Bayesian Computation, CRC Press, 2018.

 Mon – 18 



Po
st

er
 s

es
si

on
s

Quantum Optics XI:   1 - 5 September 2025

— 84 —

Mo
nd

ay

Fano Profiles in the Resonance Fluorescence Spectrum
of a Quantum Dot Coupled to Phonons

R. A. Bogaczewicz*, P. Machnikowski†
Institute of Theoretical Physics, Wrocław University of Science and Technology, 50-370 Wrocław, Poland

We study theoretically resonance fluorescence (RF) on a single weakly excited self-assembled quantum dot (QD),
coupled to the continuum of phonons. The phonons are a source of non-Markovian, quantum noise that perturbs
the energy of the transition to the excited (exciton) state in the QD. We show that moderately strong exciton-phonon
coupling (which holds e.g. for InAs/GaAs QDs) leads to a Fano-like line profile near resonant energy, which is due
to interplay of a broad phonon sideband (PSB) and a narrow inelastic scattering line stemming from noise-induced
transient dynamics. In the weak-coupling limit, the spectral profile becomes an exact Fano shape, where resonant
light scattering is totally suppressed. The amplitude of the narrow Fano feature grows linearly with temperature
and disappears at 0K; however, due to the super-Ohmic character of the phonon reservoir, its width depends solely
on the exciton dephasing time.

Phonon effects in both linear and nonlinear spectroscopy of QDs have been thoroughly studied for years.
It has been established that emission, absorption or four-wave mixing spectrum contains a narrow central line
(unbroadened by phonons due to their super-Ohmic nature) and a broad phonon sideband, whose shape depends
strongly on temperature. For RF under pulsed excitation, a similar structure is predicted for the spectrum [1].
However, our studies of RF under cw excitation with the classical white noise [2, 3] show that noise-induced
transient dynamics give rise to non-elastic scattering, manifested by a broadened line at the transition frequency,
in contrast to the laser-linewidth-limited Rayleigh scattering feature located at the laser frequency.

Here we use a two-level independent boson model of a QD coupled to longitudinal acoustic (LA) phonons
via deformation potential. We solve the Lindblad equation for the evolution of our system in the presence of
spontaneous emission in the leading order in optical excitation, while treating phonons exactly. We used the Lax
theorem for the two-point autocorrelation function to compute the RF spectrum under cw excitation. Fig. 1(a)
shows that, at slightly detuned excitation, the spectrum is composed of a broad PSB and a narrow inelastic feature
(elastic scattering line is not shown). The inelastic line has a temperature-independent width, while its strength
is proportional to temperature. As the detuning is decreased, the overall scattering intensity grows, and therefore
the broad PSB raises (see Fig. 1(b)). Simulatenously, the narrow feature evolves from a mostly absorptive shape
via dispersive to a spectral dip around the transition frequency, which results in a considerable suppression of
scattering for coupling strengths typical, e.g., for GaAs. The effect can be shown to be a consequence of the
reservoir memory (colored noise) rather than its quantum nature.
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Fig. 1: RF spectrum (without the elastic scattering line) at various laser detunings from resonance (∆), shown
in terms of the exciton decay rate γ. Broad spectral range (a) and zoom into a narrow spectral range around the
resonance (b). Results for temperature 5 K. The frequency is with respect to the laser frequency.
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We introduce a hybrid optomechanical system containing an annularly trapped Bose-Einstein
condensate (BEC) inside an optical cavity driven by Lauguerre-Gaussian (LG) modes. Spiral
phase elements serve as the end mirrors of the cavity such that the rear mirror oscillates torsion-
ally about the cavity axis through a clamped support. The condensate atoms interact with the
optical cavity modes carrying orbital angular momentum, creating two atomic side modes. We
observe three peaks in the output noise spectrum corresponding to the atomic side modes and
rotating mirror frequencies, respectively. The trapped BEC’s rotation reduces quantum fluc-
tuations at the mirror’s resonance frequency. We also find that the atomic side modes-cavity
coupling and the optorotational coupling can produce bipartite and tripartite entanglements be-
tween various constituents of our hybrid system. We reduce the frequency difference between
the side modes and the mirror by tuning the drive field’s topological charge and the condensate
atoms’ rotation. When the atomic side modes become degenerate with the mirror, the station-
ary entanglement between the cavity and the mirror mode diminishes due to the suppression of
cooling. Our proposal, which combines atomic superfluid circulation with mechanical rotation,
provides a versatile platform for reducing quantum fluctuations and producing macroscopic en-
tanglement with experimentally realizable parameters.

[1] P. Kumar, T. Biswas, K. Feliz, R. Kanamoto, M.-S. Chang, A. K. Jha, and M. Bhattacharya, Phys.
Rev. Lett. 127, 113601 (2021).
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Ultralong-range Rydberg molecules of Hg atoms
Agata Wojciechowska*1 Michał Tomza1 Matthew T. Eiles2

1Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland
2Max-Planck-Institut für Physik komplexer Systeme, Nöthnitzer Str. 38, 01187 Dresden, Germany

Ultralong-range Rydberg molecules, composed of an excited Rydberg atom and a ground-state atom, are char-
acterized by large bond lengths, dipole moments, sensitivity to external fields, and an unusual binding mechanism
based on low-energy elastic electron scattering. Although Rydberg molecules formed between alkali atoms have
received the most attention, the additional complexity found in atoms with more than a single valence electron
poses new theoretical challenges as well as new possibilities for control and design of the molecular structure. In
this work, we extend the theory of Rydberg molecules to include the additional spin coupling of the Rydberg states
of a multivalent atom. We employ this theory to describe the properties of Rydberg molecules composed of mer-
cury atoms. We calculate the potential energy curves of both heteronuclear (Hg∗Rb) and homonuclear (Hg∗Hg)
molecules. In the former case, we propose the realization of long-range spin entanglement and remote spin flip. In
the latter, we show how long-lived metastable molecular states of Hg∗Hg exist as resonances above the dissociation
threshold.
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Joint optimization of source and detectors for the discrete-variable
quantum key distribution in the presence of strong classical signals

M. Lasota*1, J. M. Batalla2, S. Sujecki3,4, A. Ahmadian1, P. Kolenderski1
1Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadzka 5, 87-100 Toruń, Poland

2Institute of Telecommunicaitons and Cybersecurity, Warsaw University of Technology, Nowowiejska 15/19, 00-665 Warsaw,
Poland

3Faculty of Information and Communication Technology, Wrocław University of Science and Technology,
Janiszewskiego 7/9, 50-372 Wrocław, Poland

4Department of Electronics, Military University of Technology, Kaliskiego 2, 00-908 Warsaw, Poland

In the ideal scenario quantum key distribution (QKD) protocols offer unconditional security to its participants.
However, in realistic conditions the security is strongly limited by numerous setup imperfections. Since installing
dedicated fiber networks solely for the purpose of performing quantum communication is broadly considered to
be unreasonable due to the extensive costs, one of the most important practical issues affecting QKD performance
is related to the channel noise originating from strong classical data streams propagating alongside quantum sig-
nals. In particular, spontaneous Raman scattering phenomenon can easily dominate the other sources of noise
and strongly limit the maximum QKD security distance, even when the power of classical signals is significantly
reduced. This effect can be especially devastating for the discrete-variable (DV) QKD scenario, in which the
quantum signals contain less than one photon on average [1].

Fortunately, the aforementioned problem can be considerably lessened by applying the temporal filtering
method, as proposed in Ref. [2]. However, full potential of this method, that could be accessed with proper opti-
mization of the QKD setup, has not been investigated yet. Such a study would be of great practical importance,
especially since significant impact of setup optimization on the performance of QKD protocols has already been
underlined in a couple of recent articles considering other communication scenarios [3,4].

In this work we fill the aforementioned gap by theoretically analyzing the DV QKD security in the presence
of strong classical signals co- and/or counter-propagating with the quantum signal through the same fiber. We
apply temporal filtering method to lower the Raman scattering noise and optimize it’s performance by carefully
choosing both the properties of photons produced by the sender’s source and the duration of the detection windows
established by the receiver. We consider both the prepare-and-measure and entanglement-based types of QKD
setup configurations. For both of them we provide fundamental benchmarks on the power of classical signals,
above which secure key generation would be impossible even for QKD parties utilizing ideal source and detectors
of the quantum signals, with fully optimized characteristics.

Furthermore, as a realistic example we consider the coexistance of quantum and classical communication in
the wired connections between the nodes of 6G network infrastructure. For the expected setup parameters in
such a scenario we show that full optimization of the setup can extend the maximal security distance by 30 km
(almost 50 km), comparing with the case of basic temporal filtering method, without any setup optimization (case
of no temporal filtering, with detectors permanently opened). Considering the typical lengths of single links in
metropolitan communication networks, such an extension is very significant. As a result, the considered idea of
enhancing the security of 6G communication networks with QKD realized between the nodes, can be seen as a
promising solution in realistic scenarios.
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Low-power microstructured atomic oven for alkaline-earth-like elements
J. Pick*1, J. Voß2, S. Hirt2, J. Kruse1, T. Leopold1,2, R. Schwarz1, C. Klempt1
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Alkaline-earth-like elements are of growing interest for their potential in state-of-the-art quantum sensors, most
notably optical clocks. Optical lattice clocks (OLCs) based on ytterbium and strontium have achieved remarkable
technological adavancement in recent years, reaching fractional frequency uncertainties in the low 10−18 range.
Although transportable systems have been developed that aim for field deployment and even space applications,
they still face challenges in meeting the demanding size, weight and power consumption constraints essential for
space operation.

A significant fraction of an OLC’s overall power consumption stems from the atom source, typically an effu-
sive oven that requires heating to temperatures up to 400 − 500 ◦C. Progress towards the reduction of the power
consumption has been made with a chip-size atomic oven based on silicon [1]. Here, we present a chip-size mono-
lithic atomic oven based on microstructured fused silica [2], which leverages the very low thermal conductance of
fused silica to even further reduce the required heating power. The oven has been manufactured with LIDE® (laser
induced deep etching). It has a central reservoir that is held by four mounting springs and is heated directly. A
laser-structured electrical circuit, in the shape of a Fermat’s spiral, on the back side of the chip allows for electrical
heating, as well as heating by optical absorption of light.

We characterized the oven by loading an ytterbium magneto-optical trap (MOT) and measuring the MOT
loading rate. The MOT is generated by a monolithic pyramid reflector [3], which requires only a single incident
laser beam. The oven is placed directly at the outside of the reflector, minimizing its distance to the trap center
(Fig. 1). We demonstrate MOT loading rates above 108 atoms/s for heating powers below 250mW. We further
demonstrate that the oven can provide a stable flux of atoms when heated electrically, and that trapping and cooling
on the narrow triplet transition is possible in this compact setup. Our oven thus constitutes a promising candidate
to serve as an atom source for a future highly compact transportable OLC.

Fig. 1: Experimental setup for loading an ytterbium MOT from the microstructured oven.

References
[1] P. Schwindt, et al. A highly miniaturized vacuum package for a trapped ion atomic clock, Rev. Sci. Instrum. 87;
10.1063/1.4948739 (2016).
[2] J. Pick, et al. Low-power microstructured atomic oven for alkaline-earth-like elements, Physical Review Applied 23;
10.1103/PhysRevApplied.23.014020 (2025).
[3] J. Pick, et al. Compact structures for single-beam magneto-optical trapping of ytterbium, Rev. Sci. Instrum. 95;
10.1063/5.0203308 (2024).
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A potassium-39 quantum gas microscope
Scott Hubele*1,2, Yixiao Wang1,2, Guillaume Salomon1,2, Henning Moritz1,2

1Institute for Quantum Physics, University of Hamburg, Hamburg, Germany
2Hamburg Centre for Ultrafast Imaging, University of Hamburg, Hamburg, Germany

Understanding many-body quantum systems, both in and out of equilibrium, is often computationally challenging
due to the large Hilbert space of the systems of interest. This makes quantum simulation very attractive, especially
when the relevant observables and their correlations can be measured directly. The Bose-Hubbard model for
instance, which describes interacting bosons in lattices, can be well simulated using ultracold atoms loaded into
optical lattices. High-resolution imaging can then be used to resolve the occupation of each lattice site, in what is
known as a quantum gas miscroscope.

Here, we present our progress towards building a quantum gas microscope using ultracold potassium-39, to
study the Bose-Hubbard model in 2D. We generate a 2D square lattice with a single 1064nm beam in a bowtie
geometry and additionally confine the atoms along the vertical direction using a shallow-angle vertical lattice. To
readout the system state following some time evolution of the system, we employ Raman sideband cooling at near-
zero magnetic field to collect fluorescence on the D1 line. Characterization of our imaging scheme is presented.

*Corresponding author: scott.hubele@uni-hamburg.de
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Renormalization and Low-Energy Effective Models
in Cavity and Circuit QED

D. Lamberto1, A. Mercurio*2,3, O. Di Stefano1, V. Savona2,3, S. Savasta1
1Dipartimento di Scienze Matematiche e Informatiche, Scienze Fisiche e Scienze della Terra, Università di Messina, I-98166

Messina, Italy
2Laboratory of Theoretical Physics of Nanosystems (LTPN), Institute of Physics, Ecole Polytechnique Fédérale de Lausanne

(EPFL), CH-1015 Lausanne, Switzerland
3Center for Quantum Science and Engineering, EPFL, CH-1015 Lausanne, Switzerland

The quantum Rabi model (QRM) is a cornerstone in the study of light-matter interactions within cavity and cir-
cuit quantum electrodynamics (QED). It effectively captures the dynamics of a two-level system coupled to a
single-mode resonator, serving as a foundation for understanding quantum optical phenomena in a great variety
of systems. However, this model may produce inaccurate results for large coupling strengths, even in systems
with high anharmonicity. Moreover, issues of gauge invariance further undermine its reliability. In this work, we
introduce a renormalized QRM that incorporates the effective influence of higher atomic energy levels, provid-
ing a significantly more accurate representation of the system while still maintaining a two-level description. To
demonstrate the versatility of this approach, we present two different examples: an atom in a double-well potential
and a superconducting artificial atom (fluxonium qubit). This procedure opens new possibilities for precisely engi-
neering and understanding cavity and circuit QED systems, which are highly sought-after, especially for quantum
information processing.

*Corresponding author: alberto.mercurio@epfl.ch
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Dissipative quantum chaos: foundation and relevance for quantum
technologies

Filippo Ferrari*1,2, Fabrizio Minganti3, Marco Scigliuzzo2,4,
Pasquale Scarlino2,5, Joachim Cohen3, and Vincenzo Savona1,2

1Laboratory of Theoretical Physics of Nanosystems (LTPN), Institute of Physics, Ecole Polytechnique Fédérale de Lausanne
(EPFL), 1015 Lausanne, Switzerland

2Center for Quantum Science and Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne,
Switzerland

3Alice and Bob, 53 Bd du Général Martial Valin, 75015 Paris, France
4Laboratory of Photonics and Quantum Measurements (LPQM), Institute of Physics, Ecole Polytechnique Fédérale de

Lausanne (EPFL), 1015 Lausanne, Switzerland
5Hybrid Quantum Circuits Laboratory (HQC), Institute of Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015

Lausanne, Switzerland

The study of chaos and integrability in open quantum many-body systems is central in many research areas, from
high-energy physics to quantum optics, from quantum technologies to condensed matter. To date, dissipative
quantum chaos is understood on the basis of the universal predictions of non-Hermitian random matrix theory: in
presence of chaos, the generator of the dissipative dynamics (the so-called Liouvillian superoperator) behaves as
a large random matrix [1, 2]. In our work, we propose a novel definition of dissipative quantum chaos that allows
explaining physical phenomena that would otherwise remain elusive, including recent experimental findings. We
regard an open quantum system as exhibiting chaotic behavior if its Liouvillian spectral structure is described by
random matrix theory and if this structure significantly impacts individual stochastic realizations of the dynamics,
commonly referred to as quantum trajectories [3]. To probe the dynamics of open quantum many-body systems we
develop a general, model-independent criterion that we call spectral statistics of quantum trajectories, combining
random matrix theory tools with the physical insight provided by single stochastic trajectories.

We apply our theoretical framework to several examples of driven-dissipative bosonic systems, ubiquitous in
quantum optical setups. First, we consider a driven-dissipative Bose-Hubbard lattice, the paradigmatic modeling
of interacting quantum fluids of light [3, 4]. Our theory turns to be effective in the experimental observation of
signatures of dissipative quantum chaos in an open Floquet bosonic system [5]. From a quantum device theory
perspective, we show how dissipative quantum chaos can significantly impact the performances of current quan-
tum technology platforms. On one side, we study the dispersive readout of a transmon qubit [6], showing how
chaos can appear in the circuit quantum electrodynamics architecture underlying the qubit’s readout, enhancing or
destroying the instrument’s performance. On the other side, we investigate the emergence of chaos in dissipative
cat qubit architectures, one of the paradigms for bosonic quantum information encoding. Our study explores the
mechanisms leading to the degradation of the cat qubit under quantum chaotic behavior [7].

Our work opens several research directions. Further study is warranted to understand how dissipative chaos
can affect the performance of larger quantum computing devices, like, for example, concatenated cat qubits, which
are now a reality in the laboratory [8]. Another open question concerns a more general understanding about the
connection between classical and quantum chaos in open quantum many-body systems.

References
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[quant-ph] (to appear in npj Quantum Information).
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Collective light scattering in an array of dysprosium atoms

Britton Hofer*, Damien Bloch, Giulio Biagioni, Nathan Bonvalet, Antoine Browaeys, Igor Ferrier-Barbut

Laboratoire Charles Fabry, Institut d’Optique Graduate School, Palaiseau, France

(*) britton.hofer@institutoptique.fr

To explore collective light-matter interactions experimentally, we have developed a setup that creates ordered
ensembles of dysprosium atoms [1]. Leveraging the rich internal structure of dysprosium, we can measure
the atoms’ internal states in a single shot. We use this technique to investigate collective dissipation both in
the linear optics regime by measuring the collective lamb shift at the single atom level. At high saturation we
also investigate the effects of the dipole-dipole interaction using Ramsey spectroscopy [2]. We use a 2 kHz
transition to cool the atoms close to their ground state using chirped cooling [3] further enhancing the collective
behavior of the atoms. While the typical distance between the atoms is currently of a few λ, the wavelength
of the transition, we are working to bring the atoms to a distance comparable to λ by implementing a hybrid
tweezer and accordion lattice setup as well as working to load many atoms into a single tweezer.

References
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Spectroscopic gas temperature and concentration measurements from 
carbon monoxide line intensities 

S. Wójtewicz*1, D. Lisak1, V. D’Agostino1,2, A. Cygan1, M. Gibas3, P. Wcisło1, R. Ciuryło1, K. Bielska1 
1Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Toruń, Grudziadzka 5, 87-100 

Torun, Poland 
2 Department of Mathematics and Physics, Università degli Studi della Campania ”Luigi Vanvitelli”, Caserta, 81100, Italy 

 3Central Office of Measures, Physical Chemistry and Environment Department, Świętokrzyskie Laboratory Campus of the Central Office of 
Measures, Poland 

After constraining the Boltzmann constant, k, in the International System of Units (SI), the accurate methods 
previously employed to determine k can be used for the primary thermometry. Among these methods, two 
optical spectroscopic techniques, namely Doppler broadening thermometry (DBT) and rovibrational line-
intensity ratio thermometry (LRT), have undergone intense development in recent years. Although the DBT has 
shown the best accuracy to date, the LRT can be used in a considerably wider range of gas pressures. 
Here we present a LRT-based calibration-free spectroscopic gas temperature and concentration measurement 
method in which both spectral axes are derived from observed frequencies of high-finesse cavity resonances. 
This technique, known as cavity mode-dispersion spectroscopy (CMDS) [1,2], links the spectrum to the primary 
frequency standard. By applying the LRT to the (3-0) vibrational band of carbon monoxide and using ab initio 
calculated line intensities [3], we achieve a temperature uncertainty of 24 mK at 296 K (82 ppm) [4]. The 
spectroscopic temperature and integrated line areas from several CO lines with intensities differing by more than 
two orders of magnitude allow us to perform an absolute gas concentration measurement with permille-level 
relative uncertainties (250 ppm) over a pressure range from 50 Pa to 20 kPa. Additionally, we address current 
limitations and perspectives for improving the accuracy of spectroscopy [5] and the reference data [6], as well as 
extending our LRT and amount of substance measurement approach to other spectral bands and molecules. 
 
The research was supported by: the European Partnership on Metrology project 22IEM03 PriSpecTemp; the 
state budget of Poland, allocated by the Minister of Education and Science under the "Polska Metrologia II" 
program, project no. PM-II/SP/0011/2024/02. 
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A New-Generation Rydberg Atom Quantum Simulator
L. Klein*1, B. Gély1, Y. Chew1, T. Lahaye1, A. Browaeys1,

1 Université Paris-Saclay, Institut d’Optique Graduate School

We are building a new-generation Rydberg atom array setup for quantum simulations that will replace the exist-
ing setup developed at Institut d’Optique over the last decade. With this platform, single atoms are arranged in
arbitrary geometries by optical tweezers. Using Rydberg states, it is then possible to implement many-body spin
Hamiltonians [1]. Most recent works include the XY spin model [2] and the t-J spin model [3].

I will present the construction of the new-generation setup, that improves several important features of the
machine. One major upgrade are the focusing optics, which used to be aspheric lenses on the old setup and are
now high NA (0.57) microscope objectives. The field of view is increased from ±15 µm to ±150 µm. We are
therefore able to generate larger arrays of single Rb-87 atoms (Fig 1 (b)).

The objective holder (Fig. 1 (a)) is designed to allow for maximum control on the atoms. There are ten
electrodes, eight to manipulate the electric field on the atoms with a low voltage and two newly-added high-
voltage electrodes to ionize and remove Rydberg atoms. Two pairs of coils under vacuum allow for fast control of
the magnetic field inside the science chamber. We installed three perpendicular microwave antennas close to the
atoms. Compared to the old setup’s single microwave antenna outside of the vacuum, this allows for full control of
the microwave polarization. Despite placing that many instruments inside the science chamber, the vacuum-limited
lifetime of the atoms in the tweezers is 55 s.

Fig. 1: (a) Microscope objective holder: The holder is placed on a cf-160 flange that is inserted in the science
chamber from the bottom. One can see the vertical and horizontal pair of magnetic field coils, as well as one
microscope objective placed inside the right horizontal coil. (b) Typical example for a large array of single atoms.
Here are 900 traps with a filling fraction of about 41% (370 single atoms).

I will further present some experimental results showing our control over the atoms, such as state preparation
and ground state manipulation via 2-photon Raman transition, and implementation of grey molasses for cooling
and enhanced loading.

In the future, we will also implement new experimental developments such as quasi-continuous reloading of
tweezer arrays and fast, lossless detection. These improvements will increase the programmability of the platform
and to enlarge the class of Hamiltonian we can study, reaching a regime of large quantum states very challenging
to simulate on classical computer.

References
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[2] G. Emperauger et al., Phys. Rev. X 15, 031021 (2025).
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All-fiber microendoscopic polarization sensing at single-photon level
aided by deep-learning

M. Bielak*1, D. Vašinka1, M. Jezek1

1Department of Optics, Faculty of Science, Palacky University, 17. listopadu 12, 77900 Olomouc, Czech Republic

Light polarization plays a fundamental role across various scientific disciplines, from ellipsometry and optical
communications to microscopy and sensing. Specifically, the polarization of light emitted by optically anisotropic
specimens carries critical information about their material structure and optical properties. However, achieving
precise polarization measurements under challenging conditions, such as constrained spaces, low light levels, and
high-speed scenarios, remains a significant challenge.

To address this issue, we introduce a real-time polarization measurement method capable of achieving single-
photon-level accuracy while providing complete information about the polarization state. Our polarization sensor,
which is free of moving components and depicted in Fig. 1(a), utilizes a common few-mode fiber along with a fiber
array and a detector array to characterize the input polarization state. This setup is augmented by a deep machine-
learning model, reconstructing complete real-time polarization information. The calibrated sensor exhibits excep-
tional accuracy, achieving an unprecedented infidelity of 8 × 10−4. This outstanding level of performance has
remained remarkably stable for over a month, requiring no additional calibration or network retraining.

We demonstrate the capabilities of our approach through polarization-sensitive scans of an optically anisotropic
specimen. The reconstructed polarization scan of a piece of dense connective tissue is visualized through false-
colored RGB images (Fig. 1(b)), shown side by side with an intensity image of the same sample region. Addi-
tionally, we used the sensor to characterize the twisted nematic liquid crystal transition effect and to analyze the
standardized USAF test target.

These demonstrations confirm our polarization sensor’s suitability for diverse sensing applications and high-
light its invaluable contributions to precise polarization measurements. This sensor opens new frontiers in precise
polarization measurement, offering a powerful tool for advanced applications in biomedicine, material research,
and beyond.

Fig. 1: (a) A visual representation of the all-fiber polarization sensor. (b) Visualization of dense connective tissue:
(left) intensity image and (right) a scan using the all-fiber polarization sensor. The resulting Bloch parameters are
represented as an RGB false-colored image.

References
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Towards low-energy structured coherent electron and ion beams 
Prosenjit Majumder1, Matias Eriksson1, and Robert Fickler1 

 1Physics Unit, Photonics Laboratory, Tampere University, Tampere, Finland 

 

In recent years, structured matter waves have garnered considerable interest, especially in the context of 
structured electron beams. Spatially coherent field-emission electron sources are well-established and widely 
utilized, allowing for precise control over the wavefront of electron beams. These advancements have paved the 
way for numerous exciting applications in electron microscopy and spectroscopy. Ongoing research continues to 
explore the potential of structured electrons in quantum experiments and advanced microscopy techniques [1,2]. 

Our work focuses on developing an experimental setup featuring a tunable low-energy field emission and gas 
field ion emission source, designed to structure both electron and, eventually, ion beams. The setup incorporates 
a cryogenically cooled nanotip field emission/gas field ion emission source followed by a 2-meter-long free 
propagation region. This configuration is expected to produce transversely coherent electron and ion beams, 
with coherence lengths extending to several micrometers for ions—sufficient for beam structuring using 
nanofabricated electrostatic components. Initially, we aim to investigate the physics of low-energy vortex 
electrons and ions, utilizing electrostatic "chopsticks" as a versatile and minimally invasive shaping tool [3]. 

The experiment is housed in a custom-built vacuum chamber, providing full access to the beamline. Alongside 
the standard electrostatic deflectors and lenses, a magnetic shielding will be installed along the entire beamline 
to minimize interference from ambient magnetic fields. This ensures the integrity of the coherent beams 
throughout the experiment. 

The successful realization of a spatially coherent ion source would mark a significant milestone, opening up a 
new frontier in coherent ion research. The experiment will enable a wide range of experimental possibilities, 
from probing fundamental physics in composite charged wave systems to advancing ion microscopy techniques. 
Structured ions, with their significantly shorter wavelengths and unique electric and magnetic properties, hold 
promise for applications in both fundamental science and technology. 

 
Figure 1: A combined field emission and gas field ion emission source. 
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All-optical squeezed BEC generation for microgravity operation
I.Bröckel1 and the INTENTAS Team1,2,3,4,5,6

1German Aerospace Center (DLR), Institute for Satellite Geodesy and Inertial Sensing, Callinstraße 30b, 30167 Hannover, Germany
2Leibniz University Hannover, Welfengarten 1, 30167 Hannover, Germany

3Ferdinand-Braun-Institute (FBH), Gustav-Kirchhoff-Straße 4, 12489 Berlin, Germany
4Department of Physics, Humbold-University Berlin, Newtonstraße 15, 12489 Berlin, Germany

5Department of Applied Physics, Technical University Darmstadt, Schloßgartenstraße 7, 64289 Darmstadt, Germany
6Department of Quantum Physics and Center for Integrated Quantum Science and Technology (IQST), University of Ulm, 89081 Ulm,

Germany

Atom interferometers serve as high-precision sensors for quantities like acceleration, rotation, or magnetic fields.
The sensitivity of atom interferometers is greatly enhanced by long interrogation times, as they are available in
spaceborne applications. Second-long interrogation times favor the employment of atomic Bose-Einstein con-
densates (BECs) with their well-controlled spatial mode and their slow expansion rates. The sensitivity can be
increased even further by employing squeezed atomic ensembles that enable measurements beyond the standards
quantum limit.

The INTENTAS project develops a source of entangled atoms that can be tested under microgravity conditions.
Microgravity is provided by Hannover’s Einstein Elevator, which offers up to 4s of free fall. A key feature is the
fast all-optical BEC generation which is performed in a crossed-beam optical dipole trap. In this poster, the status
of the project will be presented, which includes operation in microgravity.

References
[1] INTENTAS Collaboration, INTENTAS - an entanglement-enhanced atomic sensor for microgravity. EPJ Quantum Tech-
nol. 12, 26 (2025). https://doi.org/10.1140/epjqt/s40507-025-00330-9
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Interplay of localization and topology
in disordered dimerized array of Rydberg atoms

M. Prodius*1, A. Sai Aramthottil1, J. Zakrzewski1,2
1Instytut Fizyki Teoretycznej, Wydział Fizyki, Astronomii i Informatyki Stosowanej, Uniwersytet Jagielloński, Łojasiewicza

11, PL-30-348 Kraków, Poland
2Mark Kac Complex Systems Research Center, Uniwersytet Jagielloński, Kraków, Poland

Rydberg tweezer arrays provide a platform for realizing spin-1/2 Hamiltonians with long-range tunnelings and
interactions decaying according to power-law with the distance [1]. We numerically investigate the effects of
positional disorder and dimerization on the properties of excited states in such one-dimensional system.
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Our model allows for the continuous tuning of dimerization patterns and disorder strength. Within the parame-
ter space constrained by our geometry, we identify different distinct ergodicity-breaking regimes - Fig. 1. Notably,
one of these regimes exhibits a unique feature where nontrivial symmetry-protected topological (SPT) properties
of the ground state extend to a noticeable fraction of states across the entire spectrum. This interplay between
localization and SPT makes the system particularly interesting, as localization should help with stabilization of
topological excitations, while SPT states contribute to an additional delocalization.

MBL

Fig. 1: The qualitative phase diagram for the model in δ,W space where δ is the dimerization parameter in the
model and W is the positional disorder strength. Xl = 10.0, Drb = 1.0.
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Towards Timetronics with Photonic Systems
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Periodic driving of systems of particles can create crystalline structures in time. Such systems can be used to
study solid-state physics phenomena in the time domain. In addition, it is possible to engineer the wave-number
band structure of optical systems and to realize photonic time crystals by periodic temporal modulation of the
material properties of the electromagnetic wave propagation medium. We introduce here a versatile averaged-
permittivity approach which empowers emulating various condensed matter phases in the time dimension in a
traveling wave resonator. This is achieved by utilizing temporal modulation of permittivity within a small segment
of the resonator and the spatial shape of the segment. The required frequency and depth of the modulation are
experimentally achievable, opening a pathway for research into the practical realisation of crystalline structures in
time utilising microwave and optical systems.
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Two-dimensional Bose-Fermi droplets at non-zero temperatures
K. Gawryluk*1, M. Brewczyk1

1Wydział Fizyki, Uniwersytet w Białymstoku, ul. Ciołkowskiego 1L, 15-245 Białystok, Poland

We investigate two-dimensional Bose-Fermi droplets at non-zero temperatures. While the formation of these
droplets at T = 0 is possible under specific conditions governing the mutual interactions [1], it remains of interest
whether such structures persist at T > 0. To address this question, we employ the Metropolis algorithm within the
Grand Canonical Ensemble. We present a temperature-phase diagram illustrating the stability of the Bose-Fermi
droplet in isolation, as well as its immersion in a fermion vapor or a boson vapor. The diagram is plotted with
respect to the chemical potentials of both bosons and fermions, with temperature as an additional parameter. We
assess the stability of the equilibrium state by evolving it in real time.

Fig. 1: Left: density cuts along y = 0 for bosons (blue) and fermions (green). Right: 2D density distribution for
bosons. We consider a system of 133Cs-6Li mixture.
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Tracking the ergodic instabilities in the Anderson-”quantum sun” model
K. Pawlik*1,2, N. Laflorencie3, J. Zakrzewski2,4
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Recent works [1,2] have confirmed the presence of rare ergodic instabilities in the paradigmatic disordered Heisen-
berg XXZ chain, suggesting the possible existence of a new phase in the model. These instabilities indicate a sig-
nificant shift in the many-body localization (MBL) transition to higher disorder strengths compared to predictions
from standard finite-size scaling analysis.

In this work, we analyze the connected correlation function in a modified spin-1/2 Anderson-”quantum sun”
model [3,4]. The model consists of two components: an Anderson chain of L spins, characterized by the localiza-
tion length ξA, and a small ergodic bath of N ≪ L spins. Each spin in the Anderson chain couples to the bath
with a strength proportional to e−x/ξS , where x denotes the distance to the bath and ξS characterizes the interaction
range.

The ”quantum sun” model exhibits a more robust ergodicity-breaking transition against quantum thermal
avalanches [5] compared to paradigmatic MBL models. We demonstrate the presence of ergodic instabilities
in the model, highlighting qualitative differences from the XXZ model, particularly in the low-disorder regime of
the phase diagram (Fig. 1).

Introducing U(1) particle conservation [4] and the Anderson hopping term makes the model more relevant for
experimental realizations, such as ultracold atoms in optical lattices.

Fig. 1: Phase diagram of the modified Anderson-”quantum sun” model: dependence of critical interaction range
ξS on the disorder of the Anderson chain 1/ξA, extrapolated to the thermodynamic limit L → ∞, N = const. The
blue line represents a prediction based on spectral statistics of high energy density eigenenergies using so-called
spectral spacing ratio rn = min{(En+1 − En)/(En − En−1), (En − En−1)/(En+1 − En)}, whereas red line
is based on half-chain entanglement entropy of eigenstates, with the first half consisting of sun spins plus closest
Anderson spins, and the second half including the remaining Anderson spins. A region of volume law eigenstates
with Poisson spectral statistics emerges at small disorder, the analysis of correlations offers additional insight on
this region.
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Investigation of employing Quantum Key Distribution in 6G networks
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3 Faculty of Information and Communication Technology, Wrocław University of Science and Technology,

Janiszewskiego 7/9, 50-372 Wrocław, Poland
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In the era of rapid technological advancements, sixth-generation (6G) cellular networks are attracting significant
attention due to their capability to transfer massive amounts of information. As security remains one of the most
critical requirements for data transmission, it must be an integral part of 6G architecture. While the design of 6G
systems is still evolving, it is anticipated that they will support novel use cases with challenging key performance
indicators (KPIs), powered by new enabling technologies and network architectures [1].

One promising approach to addressing security challenges in 6G is the use of external providers for secure
key distribution between independent entities, such as domain owners, tenants, and service providers. In this
regard, quantum communications (QC) offer enhanced security and reduced computational complexity, providing
a viable solution for securing 6G networks [2]. Specifically, quantum key distribution (QKD) protocols [3,4] can
be leveraged to significantly improve security in 6G environments. However, the integration of QKD with existing
fiber-optic classical networks remains a major requirement for widespread adoption. This challenge, driven by
cost efficiency and technical compatibility, must be addressed by future generations of quantum networks [5]. The
concept of QKD coexisting with classical data traffic was first introduced in 1997 [6] and has since been explored
in various network topologies [7,8].

This research investigates the integration of quantum and classical communication in wired connections be-
tween elements of the 6G network infrastructure. We analyze the impact of Raman scattering and crosstalk from
classical data traffic on QC security, considering both C-band and O-band as potential quantum channel options.
Through numerical simulations, we compare the lower bounds of key generation rates achievable with different
source types, both in the asymptotic and finite-key-size regimes. The expected performance of QKD is evaluated
under realistic 6G network conditions, taking into account key parameters such as classical bit rates, signal power
levels, wavelength-division multiplexing (WDM) channel isolation, and Raman scattering cross-section.

Our results demonstrate that, despite higher Raman noise, placing quantum signals in the C-band allows for
secure key generation over significantly longer distances than the O-band solution, unless very strong crosstalk
suppression is applied and ultra-low-noise detectors are utilized by the QKD parties. For a standard classical sig-
nal bit rate of 10 Gbps and typical network setups, proper optimization of the QKD scheme enables secure key
generation over distances of up to 100 km in the C-band and 60 km in the O-band. These distances are sufficient
for secure communication within standard metropolitan networks, reinforcing the feasibility of quantum-secured
communications in future 6G networks.
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High-fidelity heterodyne cavity ring-down spectroscopy of HD line shape
A. Cygan, R. Chell*, S. Wójtewicz, H. Jóźwiak, G. Kowzan, N. Stolarczyk, K. Bielska, P. Wcisło, R.
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Molecular hydrogen (H2) and its isotopologues serve as benchmark systems for searching for new physics beyond
the Standard Model, testing models of molecular collisions, determining the proton-electron mass ratios, inves-
tigating potential fifth forces, and validating relativistic and quantum-electrodynamical theories. Many precise
measurements of molecular hydrogen transition frequencies have been performed in recent years, e.g., saturation
spectroscopy [1] and molecular beam double resonance spectroscopy [2] leading to accuracies at the 20 kHz level
and 13 kHz level (the most accurate to date), respectively. In addition to line position, accurately determined line
intensities and collision-induced line-shape parameters under conditions of varying temperatures, pressures, and
the presence of perturbers are crucial for astrophysical studies, especially for studying the atmospheres of planets
and exoplanets. Here, the proper modeling of the spectral line-shape needs an approach going beyond the ordinary
Voigt profile.

Achieving high experimental accuracy is another challenge in the line-shape study. Popular cavity ring-down
spectroscopy (CRDS) offers ultra-high precision, reaching below 0.01‰, but its accuracy is often limited to around
5‰ due to uncertainties in light intensity measurements. To address this limitation, we developed heterodyne cav-
ity ring-down spectroscopy (HCRDS) method [3] which utilizes the optical frequency information embedded in
the ring-down cavity’s electromagnetic field. Instead of relying solely on decaying light intensity measurements,
this approach involves heterodyne detection of the ring-down signals followed by Fourier analysis. Precise deter-
mination of the frequencies of the optical cavity modes as well as cavity mode widths in HCRDS enables to extract
simultaneously high-accuracy dispersive and absorptive spectrum of the gas sample. Using the HCRDS method,
we attained sub-per-mil accuracy, validated by ab initio CO line intensity measurements and HD line-shape anal-
ysis.

To analyze the P(3) 2-0 transition of HD, we performed a complex-valued multi-spectrum fit to the absorption
and dispersion HCRDS spectra, in which we included various collision line-shape models. In H2 and its isotopes,
non-Voigt effects are significant due to the unusually strong Dicke narrowing and the considerable speed depen-
dence of collisional broadening and shifting [4]. We have shown that the well physically justified speed-dependent
billiard-ball profile (SDBBP) [5] and β-corrected [6] partially-correlated quadratic speed-dependent hard collision
profile describe the velocity-changing collisions similarly and reproduce the experimental HD spectrum with per-
mil-level accuracy. We have demonstrated an excellent agreement of the HD line position with a recent study using
vibrational saturation spectroscopy [7]. Moreover, for the first time, the experimentally determined line-shape pa-
rameters have validated the fully ab initio calculated HD line shape with high accuracy.
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Cooper-pair splitting enabled by the Quantum Geometry of Multifold
Topological Bands
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Cooper pair splitters (CPSs) are hybrid nanodevices that harness the inherent entanglement of Cooper pairs in a
superconductor. In these devices, a Cooper pair—composed of two electrons in a spin-singlet state—is spatially
separated so that each electron is injected into a different conducting channel, thus preserving their spin entan-
glement [1]. Recent theoretical and experimental work has explored the integration of CPSs into circuit quantum
electrodynamics (QED) platforms. In such hybrid systems, the AC Josephson effect can be exploited to induce
coherent oscillations in the superconducting phase, which in turn drive transitions involving Andreev-bound states.
These transitions have been shown to mediate the conversion of electronic entanglement into frequency-entangled
photon pairs, a process that is highly promising for on-chip quantum communication [2,3]. Typically, CPS devices
are realized in low-dimensional systems—such as quantum dots, semiconductor nanowires, carbon nanotubes,
or nanoribbons—where strong electron confinement and discrete energy spectra facilitate efficient Cooper pair
splitting. [4].

A recent discovery of chiral fermionic valves provides a new platform to achieve Cooper-pair splitting utilizing
the quantum geometry of topological bands.[5] A chiral fermionic valve spatially separates the transport in chiral
topological states into Chern-number polarized topological states. Hybridizing these chiral topological states with
superconductors enables long-range phase coherence of Cooper pairs. Coupling the macroscopic phase coherence
of Cooper pairs with the chiral behaviour of quasi-particles in topological phases provides us with new degrees
of freedom (DOF). Understanding these DOFs and developing strategies to manipulate them is essential to create
a Cooper-pair splitter. In this poster, I will introduce a strategy for Cooper pair splitting utilizing the quantum
geometry of topological bands of multifold topological metal in a Mach-Zehnder Interferometer shown in Fig. 1.
The experimental approach is based on focused-ion beam crystal micro-sculpting to utilize the non-trivial quantum
geometry of topological bands during electrical transport measurements.

Fig. 1: False-coloured SEM image of the microstructured device of PdGa made using focused-ion beam tech-
niques, depicting a chiral fermionic valve enabled Cooper-pair splitting.
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Thermal melting of a vortex lattice in a quasi two-dimensional Bose gas
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1Université Sorbonne Paris Nord, Laboratoire de Physique des Lasers,
CNRS UMR 7538, 99 av. J.-B. Clément, F-93430 Villetaneuse, France
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In the context of quantum simulation, there is a profound analogy between a two-dimensional system of neutral
atoms in fast rotation and the problem of 2D electrons in a magnetic field, providing a mapping with the quantum
Hall effect [1]. Here we present the first observation of the thermal melting of the vortex lattice present in a ro-
tating quasi two-dimensional (2D) superfluid Bose gas [2]. A superfluid Bose-Einstein condensate is prepared in
an oblate trap generated by dressing atoms placed in a quadrupole magnetic field with a radio-frequency field [3].
The atomic cloud is set in rotation by rotating a deformation of the trap [4]. The superfluid then hosts a triangular
lattice of quantized vortices in a quasi-2D regime. The order of the lattice is progressively destroyed as the super-
fluid effective rotation rate increases. This situation enables to test if the scenario for the thermal melting of a 2D
crystal proposed by Kosterlitz, Thouless, Halperin, Nelson and Young (KTHNY) is relevant for a vortex crystal in
a quantum gas. The vortex lattice’s translational and orientational order are characterized respectively by the pair
correlation function and the angular correlation function, and we show that the evolution of these order functions
with an effective temperature evidences a transition to a liquid state and is consistent with the KTHNY scenario
involving the unbinding of 5-fold and 7-fold defects of the lattice. Interestingly, the melting temperature is three
times lower than the estimated one in a pure BEC superfluid [5] This result paves the way to the understanding
of the influence of temperature as a 2D quantum system reaches the Lowest Landau Level regime, which corre-
sponds in our case to the situation when the effective rotation rate of the superfluid approaches the radial trapping
frequency.

Fig. 1: a) experimental vortex lattice and b) reconstructed vortices positions with defects in red and pink.
c) vortices pair distance histogram.
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Ultrafast imaging of ytterbium tweezer arrays 
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Detecting and manipulating individual atoms with high fidelity is essential for quantum simulation, 
metrology and, with even more stringent requirements, for quantum computing. I will present our recent results 
on ultrafast single-atom imaging, based on alternated pulses of highly saturated light addressing the broad 1S0-
1P1 transition in ytterbium. With this scheme, we achieve in-trap single-atom detection fidelity and survival 
probability exceeding 99.8% within just few microseconds.  

Beyond single-atom detection, we extend this ultrafast imaging scheme to the detection of multiple atoms 
in free space with single-particle resolution. By preparing and releasing multiply filled traps, we demonstrate 
single-atom-resolved detection without parity projection. This capability will enable new explorations of 
correlations and many-body dynamics in tweezer-trapped atomic ensembles.   

Finally, will also mention the newest tweezer-based quantum platform under construction at the University 
of Trieste. This system integrates three key components: a quantum computing unit for executing arbitrary 
operations, a tweezer-cavity interface for cavity quantum electrodynamics and quantum networking experiments, 
and an atom reservoir to enable fast experimental cycle times and uninterrupted operations. This architecture will 
serve as a versatile testbed for advancing neutral atom quantum technologies. 
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Magnifying the Performance of Quantum Thermal Heat Engine in the
Vicinity of Exceptional Points
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Quantum heat engines (QHE), meant to be counterparts to classical thermal machines, operate on quantum objects
or systems that demonstrate quantum effects. Over the last decade, they have drawn significant attention due
to their application in miniature and low-power systems, testing quantum thermodynamical limits and their role
in biomolecular processes[1, 2]. QHEs have been implemented in the form of microscopic electro-mechanical
systems[3] along with extremal forms such as single ions[4], quantum dots[1], or ultracold bosonic atoms[5].

Fig. 1: (a) The model of quantum thermal heat engine. Two-level atom in an optical cavity. The cavity is in thermal
contact with the photon reservoir. g – coupling strength between the atom and the cavity, κ – leakage rate of the
cavity, γeff – effective dumping rate of the atom, ∆ – detuning from the resonance between the frequency of the
atom and the frequency of the cavity, ns – the average number of photons in the cavity. (b) The efficiency of the
QHE as a function of the ∆max for different γmax.

The effect of the Liouvillian Exceptional Points (LEP) on QHE performance has been studied over the past
few years. It has been demonstrated that by encircling the LEP it is possible to enhance the performance of QHE
realized with 40Ca+ ion[4]. However, such QHE is pumped by a laser field described by the coherent state. There-
fore, it shouldn’t be considered the quantum analog of a classical thermal machine, which uses a chaotic heat bath
as an energy source. In our presentation, we demonstrate the implementation of QHE described by the thermal
states. Our model is shown in panel (a) of Fig. 1 and consists of a 2-level atom coupled with an optical cavity by
the coupling strength g; cavity losses are described by κ. Thermal photons are pumped from a photon reservoir.
We implement the quantum Otto cycle by varying detuning from the resonance ∆ and effective dumping rate γeff
in time. As demonstrated in panel (b) of Fig. 1, a significant boost in the efficiency of a QHE is observed when
the cycle encircles the LEP. Moreover, performance is enhanced by encircling more LEPs, which was realized by
performing cycles for various γmax. In conclusion, we show the possibility of exploiting the effects in the vicinity
of EPs to improve the performance of QHE described by thermal states.
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Cavity-enhanced spectroscopy in the deep cryogenic regime-
new hydrogen technologies for quantum sensing
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M. Narożnik1, D. Kierski1, S. Wójtewicz1, A. Cygan1, G. Kowzan1, P. Masłowski1, M. Piwiński1, D. Lisak1

and P. Wcisło1*
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We demonstrate the first cavity-enhanced spectrometer fully operating in a deep cryogenic regime down to 4 K.
Not only the sample but the entire cavity, including the mirrors and cavity length actuator [1], is uniformly cooled
down ensuring the thermodynamic equilibrium of the gas sample. The setup is designed in a way that efficiently
attenuates both external vibrations and those originating from the cryocooler itself ensuring stable operation of the
optical cavity. High tunability of the wavelength is achieved by implementation of an optical parametric oscillator
(OPO) pumped by the 1064 nm CW seed laser amplified to 10 W. This instrument opens the way to a variety of
fundamental and practical applications [2].

We performed accurate Doppler-limited spectroscopy of the S(0) 1-0 line in molecular hydrogen covered by
tuning range of the OPO idler beam. The transition energy was determined with accuracy at the level of 10−6

cm−1. We demonstrate the first optical realization of three SI units in the challenging 4 - 20 K temperature regime:
temperature (kelvin), amount of substance per unit volume (mole · meter−3 ) and pressure (pascal). We optically
measured a part of the H2 phase diagram covering over three orders of magnitude in pressure. This considerably
improves the accuracy of the previous best p(T) curve. Using optical methods, we also determined the conversion
dynamics of the ortho-para H2 isomers with high temporal resolution.
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Fig. 1: A comparison of the S(0) 1-0 line in molecular hydrogen at 300 K and 7.73 K is showcased in the upper left
corner, demonstrating the benefit of operating in cryogenic temperatures regime. A representative scan collected
is showcased in upper right corner. The bottom panel showcases the design of the cavity operating in a vacuum
chamber and capable of cooling all of its optical elements to temperature as low as 4 K.
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Antimony-based quantum dots as an alternative material platform  
for non-classical light sources operating at telecom wavelengths 

M. Peil1, M. Wasiluk2, R. Matysiak2,3, J. Hilska1, M. Gawełczyk3, A. Musiał*2, T. Hakkarainen1,4 
 

1Optoelectronics Research Centre, Physics Unit, Korkeakoulunkatu 3, 33720, Tampere, Finland 
2Department of Experimental Physics, Wrocław University of Science and Technology, Wyb. Wyspiańskiego 27, 50-370 Wrocław, Poland 
3Institute of Theoretical Physics, Wrocław University of Science and Technology, Wybrzeże Wyspiańskiego 27, 50-370, Wrocław, Poland  

4Tampere Institute for Advanced Study, Tampere University, Kalevantie 4, 33100, Tampere, Finland 

The security of data transmission in classical cryptography is based on the mathematical complexity. An 
alternative method of encryption is quantum cryptography. In this case, security is ensured by the fundamental 
laws of physics governing the microscopic world. Single photons can be used to encrypt cryptographic keys. To 
achieve this, efficient single-photon sources are required with low probability of multiphoton emission and high 
photon generation rate. For practical application, the source should emit photons in the 3rd telecom window, 
around 1.55 µm, which corresponds to minimum loss in common silica fibers. This ensures the longest possible 
distance for data transmission. The most promising physical system for generating single photons is epitaxial 
quantum dots (QDs). They offer outstanding quality of emitted single photons and the ability to achieve high 
generation rates with low probability of multiphoton events, along with compatibility with semiconductor 
technology. QDs emitting in the visible and near-infrared spectral ranges have reached a level of technological 
maturity that allows for nearly ideal single-photon sources. However, despite 20 years of research, it has not yet 
been possible to transfer these achievements to quantum dots emitting in the telecommunication spectral range. 

We propose an alternative material system, not yet explored in this regard, namely (In)GaSb/AlGaSb QDs [1]. 
Main benefits of the GaSb-based system is emission at 1.55 µm, high refractive index and index contrast of 
Antimony-based materials important for photonic structures like microcavities and waveguides as well as 
compatibility will many material platforms, in particular enables direct growth on Si for scalable integration. 
Most beneficial method of QD growth, namely local nanohole droplet etching, has been transferred to this 
material system resulting in low spatial QD density on the order of 2 x 107 cm-2 (Fig. 1a) and low strain 
symmetric QDs of inverted geometry (Fig. 1c). The growth has been optimized to achieve very homogeneous 
QDs with inhomogeneous broadening below 10 meV (coloured boxes in Fig 3c). Indium composition determines 
the exact emission wavelength of the QDs emitting single photons over the entire 3rd telecom window [2]. The 
optical properties of these novel type of nanostructures has been determined by means of optical spectroscopy 
and the electronic structure has been describes using 8 band k.p method combined with configuration-interaction 
approach for excitonic states. Those revealed structure of higher energy states and importance of light hole states 
due to low biaxial strain in the QD volume. To optimize the performance of these QDs, the next step will be 
integration into photonic structures, e.g., nanoposts [3].  

 

 
Fig. 1: a) AFM image of QD structure; b) emission spectra of QDs differing in In composition with 10 meV 

marked by coloured boxes; c) QD geometry based on AFM study used in the calculations  
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[2] J. Michl et al., Adv. Quantum Tech. 6, 2300180 (2023); T. Hakkarainen et al., arXiv:2404.06083 (2024). 
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Quantum Optics XI
Electrodynamics of vortices in quasi-two-dimensional scalar

Bose-Einstein condensates
S. H. Shinn*1, A. del Campo†1,2

1Department of Physics and Materials Science, University of Luxembourg, Avenue de la Faı̈encerie 162A, L-1511
Luxembourg, Luxembourg

2Donostia International Physics Center, Manuel Lardizabal 4, E-20018 San Sebastián, Spain

An ensemble of static vortices in a nonrotating quasi-two-dimensional (2D) scalar Bose-Einstein condensate (BEC)
without dissipation interact similarly to charged particles in a Coulomb gas [1], meaning their forces depend on the
logarithm of their separation. For the nonrotating scalar BEC without dissipation, when the BEC number density
is approximately constant, the motion of the vortex can be described according to the nonrelativistic deynamics
of strings in 3D system [2], and the effective Maxwell’s equations in a quasi-2D system [3]. This connection is
valid for an inhomogeneous time-independent BEC number density in case of a nonrotating quasi-2D scalar BEC
without dissipation [4].

In this study [5], we extend this connection to the inhomogeneous time-dependent quasi-2D scalar BEC, even
with dissipation or rotation. By starting from the fundamental equations governing BEC, we show that vortex
dynamics can be mapped onto Maxwell’s equations as shown in Fig. 1.

Fig. 1: Duality between the vortices in the quasi-2D scalar BEC and the electrodynamics in the matter. On the
left-hand side, vs (r, t) is the superfluid velocity, M is the mass of the BEC particle, qj (t) is the topological charge
of the vortex (with index j) at time t, Nv (M; t) is the number of vortices in the area M at time t, fK (r, t) is
the effective kinetic force due to quantum potential, Usf (r, t) is the effective potential due to the trap potential
and density-density interaction, F sf (r, t) is the model-dependent additional force due to rotation, dissipation, etc.,
Ūsf (t) is the spatial average of Usf (r, t), and e⊥ is the unit vector perpendicular to the quasi-2D system. On the
right-hand side, D (r, t) is the electric displacement field, H (r, t) is the magnetic field strength, Qj (t) is the
free electric charge (with index j) at time t, and Jf (r, t) is the free electric current density. In the final line, ϵsf
is the effective vacuum permittivity and vP (r, t) is the velocity of the vortex core that is related to the effective
polarization density P sf (r, t) := (M/2πh̄) [vs (r, t)− vP (r, t)]× e⊥. For the derivation, see [5].

This duality provides a new way to understand and predict vortex behavior in the quasi-2D scalar BEC beyond
the point-vortex model (e.g., damped point-vortex model [6, 7]), offering insights into complex fluid and quantum
systems.
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Three-dimensional Bose-Fermi droplets at nonzero temperatures
M. Lewkowicz1, M. Brewczyk1, M. Gajda2, T. Karpiuk*1
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2Institute of Physics, Polish Academy of Sciences, Aleja Lotników 32/46, PL-02668 Warsaw, Poland

We numerically study the formation of self-bound quantum Bose-Fermi droplets at nonzero temperatures. We have
previously shown that such droplets can exist at zero temperature [1,2]. In this work the attractive atomic Bose-
Fermi mixture is described in terms of quantum hydrodynamics, enriched by beyond mean-field corrections and
thermal fluctuations, as well as by a simplified self-consistent Hartree-Fock model. Using the hydrodynamic de-
scription, we find low-temperature long-lived droplets in a free space, provided that the attraction between bosons
and fermions is strong enough. On the other hand, a simplified Hartree-Fock treatment supports the existence of
Bose-Fermi droplets in equilibrium with the gas of thermal bosons and fermions, with the Bose-Einstein conden-
sate itself being completely hidden inside a droplet. Both thermal and non-thermal droplets can be used to simulate
astrophysical phenomena such as disruption of a white dwarf star by a black hole [3,4].

References
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[2] D. Rakshit, T. Karpiuk, P. Zin, M. Brewczyk, M. Lewenstein, and M. Gajda, New J. Phys. 21, 073027 (2019)
[3] T. Karpiuk, M. Nikołajuk, M. Gajda, and M. Brewczyk, Sci. Rep. 11, 2286 (2021).
[4] M. Nikołajuk, T. Karpiuk, L. Ducci, and M. Brewczyk, ApJ 980, 256 (2025)
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Enhancing charging of a quantum battery
using directional quantum jumps

E. Lange*1, G. Chimczak1, A. Kowalewska-Kudłaszyk1

1Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University,
ul. Uniwersytetu Poznańskiego 2, 61-614 Poznań, Poland

There is an increasing interest in research of quantum energy storage systems, known as quantum batteries (QBs)
[1,2]. QBs are described as n-dimensional quantum systems with non-degenerate energy levels from which work
can be reversibly extracted and energy can be reversibly deposited using cyclic unitary operations [3]. Quantum
batteries have received a lot of attention because their charging time decreases with their capacity. One of the most
crucial issues in QB design is optimizing the battery’s charging process. Dissipation, a negative phenomenon that
exists in all physical systems, must be considered during the optimization process.
Here we explore a potential of directional quantum jumps for improving QB’s charging process. We present a
system in which quantum jumps can improve charging time and charge level [4]. A two-stage charging protocol
has been developed to achieve very good results for battery time and charge level while maintaining optimal and
realistic parameters. The scheme we propose should be feasible experimentally.

References
[1] B. Ahmadi et al., Phys. Rev. Lett. 132, 210402 (2024)
[2] J. Q. Quach et al., Sci. Adv. 8, eabk3160 (2022)
[3] R. Alicki and M. Fannes, Phys. Rev. E 87, 042123 (2013)
[4] E, Lange, G. Chimczak, A. Kowalewska-Kudłaszyk, in preparation.
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Dynamically protected cat qubits[1] are realized through a coherent two-body drive and incoherent two-body loss.
The dynamics inherits a strong parity symmerty which implies a symmetry between classical and quantum field.
We show that the mean field phase diagram exhibits a second order phase transition where both modes go to zero
and an additional first order transition. For vanishing Kerr non-linearity, there is an exceptional point where the
first order transition becomes second order.
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Quantum Optics XI
Sympathetically Cooling the Motion of a Nanoparticle

in a Paul Trap using a Co-Trapped Ion
S. Gupta*1, C. Gonzalez-Ballestero1

1Institute of Theoretical Physics, TU Wien, Wiedner Hauptstraße 8-10, 1040 Vienna, Austria

Creating quantum motional states of massive mechanical systems is the key to testing the quantum-to-classical
transition in micrometer-scale systems, exploring quantum gravity and dark matter, as well as building quantum
transducers and high-fidelity sensors [1-7]. Levitated optomechanics (levitodynamics) offers an ideal platform for
creating quantum motional states as the center-of-mass (COM) mode of a levitated nanoparticle is not clamped
and can be manipulated optically on demand, including dynamical tuning of the trapping potential [8]. To create
a quantum state of a mechanical system, we first need to cool the mechanical mode to its quantum ground state.
Recently, cooling of the COM mode of a levitated nanoparticle to the quantum ground state was demonstrated [9].
However, creating a state with a negative Wigner function, a signature of non-classicality achieved in alternative
large mechanical resonators [3,4], remains an open challenge in levitodynamics. The main obstacle to this goal is
the fast decoherence of mechanical modes due to scattering of light from the trapping lasers. To solve this problem,
recent experiments have achieved the co-trapping of an electrically charged nanoparticle alongside multiple ions
in a Paul ion trap without the use of trapping lasers [10], which reduces the decoherence and enables us to exploit
tools from ion physics in levitodynamics. However, a theoretical toolbox for such systems is yet to be developed.

In this work, we develop a full quantum theory for a system of multiple ions and nanoparticles co-trapped
in a dual-frequency Paul trap. We employ it to study the potential of Doppler-cooled ions to sympathetically
cool the COM mode of the nanoparticle. We compute cooling dynamics using the parameters of state-of-the-art
experiments [10] and also derive performance bounds (such as the cooling limit) in arbitrary traps. We derive
an analytical expression for the steady-state temperature of the COM mode starting from the quantum master
equation, which reveals the non-trivial scaling of the steady-state temperature with nanoparticle charge and mass.
Further, we numerically solve the full quantum dynamics of the nanoparticle and ion in a dual-frequency Paul trap
and compute the contribution of micromotion to the steady-state energy of the nanoparticle COM mode. Finally,
we compute stable 3-D configurations of multiple ions and a nanoparticle in the same Paul trap and calculate the
modified trapping frequencies and couplings between different motional modes. We predict an enhancement in
cooling of the particle COM mode by using more than one ion, which saturates for a large number of ions. Our
theory paves the way for the realization of ground state cooling of the COM motion using additional tools from
ion physics and optomechanics, such as including an optical cavity.

References
[1] O. Romero-Isart, M. L. Juan, R. Quidant, & J. I. Cirac. ”Toward quantum superposition of living organisms.” New Journal
of Physics 12(3) (2010).
[2] Y. Y. Fein, P. Geyer, P. Zwick, F. Kiałka, S. Pedalino, M. Mayor, S. Gerlich, & Markus Arndt. ”Quantum superposition of
molecules beyond 25 kDa.” Nature Physics 15(12) (2019).
[3] Y. Chu, P. Kharel, T. Yoon, L. Frunzio, P. T. Rakich, & R. J. Schoelkopf. ”Creation and control of multi-phonon Fock states
in a bulk acoustic-wave resonator.” Nature 563(7733) (2018).
[4] M. Bild, M. Fadel, Y. Yang, U. Von Lüpke, P. Martin, A. Bruno, & Y. Chu. ”Schrödinger cat states of a 16-microgram
mechanical oscillator.” Science 380(6642) (2023).
[5] D. C. Moore & A. A. Geraci. ”Searching for new physics using optically levitated sensors.” Quantum Science and Tech-
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(2020).
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Nature nanotechnology 15(2) (2020).
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control of microscopic objects in vacuum.” Science 374(6564) (2021).
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[10] D. S. Bykov, L. Dania, F. Goschin, & T. Northup. ”A nanoparticle stored with an atomic ion in a linear Paul trap.” arXiv
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Increasing the key generation rate in realistic discrete-variable QKD
based on SPDC source by utilizing WDM modules.

I. Maiti*1, M. Lasota2
1,2Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University, Grudziadzka 5, 87-100 Toruń, Poland

Although quantum key distribution (QKD) theoretically offers great security improvement over classical encoding
methods, practical imperfections in its implementation significantly limit its performance, especially in terms of
key generation rate. Recently Pseiner et al. [1] experimentally demonstrated the possibility to significantly increase
this quantity by utilizing wavelength division multiplexing (WDM) technology. However, despite promising ex-
perimental results, a detailed theoretical treatment of the aforementioned scenario is still missing.

In this work, we theoretically investigate the possibility of increasing the key rate produced with the entanglement-
based version of the BB84 protocol. We consider a modification of the traditional entanglement-based QKD setup
in which Alice and Bob own WDM modules and each WDM output channel leads to separate detection system
as shown in Fig.1. The idea is to send the pairs of spectrally correlated photons with different frequencies into
separate pairs of WDM channels in order to generate several keys in parallel and later merge them together. If the
spectral correlation between the photons belonging to the same SPDC pair is relatively strong it can be possible to
define multiple pairs of correlated systems to which these photons could go with very high probability.

We analyze both the cases of SPDC source producing strongly negative and strongly positive spectral correla-
tion between the pairs of generated photons. In order to properly assess the potential advantage, we numerically
optimize the parameters of the SPDC source, including the effective-phase matching function (EPMF) width of the
nonlinear crystal, and the duration and intensity of the pump laser pulses, for various numbers of WDM channel
pairs utilized by the trusted parties. We analyze both the cases of SPDC source producing strongly negative and
strongly positive spectral correlation between the pairs of generated photons, showing how modifying the afore-
mentioned quantities can impact the overall key generation rate. We compare the results with the maximal key
generation rate that can be obtained in traditional setup configuration, without WDM modules. Furthermore, we
study the influence of WDM channels width, separation and transmission profile on the outcomes of our analysis.
While the majority of the calculation is performed for the noiseless case, we also study the impact of imperfect
detection on the total key generation rate.

The detailed results of our work are presented in Ref.[2]

SPDC source
WDM
module

WDM
module

Alice Bob

Fig. 1: Schematic diagram of the considered setup
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Effective light-induced Hamiltonian for an atom with a large nuclear spin
D. Burba**1, H. Dunikowski2, M. Robert-de-Saint-Vincent3, E. Witkowska2, G. Juzeliūnas1,

1Institute of Theoretical Physics and Astronomy, Vilnius University, Saulėtekio 3, LT-10257, Vilnius, Lithuania
2Institute of Physics PAS, Aleja Lotników 32/46, 02-668 Warszawa, Poland

3Laboratoire de Physique des Lasers, CNRS UMR 7538, Université Sorbonne Paris Nord, F-93430, Villetaneuse, France

Ultra-cold fermionic atoms with two valence electrons have a unique internal state structure, as the nuclear spin
is decoupled from the electronic degrees of freedom in the ground electronic state. The nuclear spin states are
thus well isolated from the environment and can be used as a platform convenient for quantum computation and
quantum simulation [1, 2]. A coupling with off-resonance light is an essential tool to selectively and coherently
manipulate the nuclear spin states. Although light shifts in alkaline-earth-like atoms have been expressed in terms
of the Clebsch-Gordan coefficients [3], these equations are complex to analyze and require numerical calculation.

In this work, we present a systematic derivation of the effective Hamiltonian for ultra-cold fermionic atoms
with two valence electrons due to such an off-resonance light. We obtain compact expressions for the scalar, vector
and tensor light shifts b0, b1 and b2, taking into account both linear and quadratic contributions to the hyperfine
splitting. The analysis has been carried out using the Green operator approach and solving the corresponding
Dyson equation. Finally, we analyze different scenarios of light configurations which lead to the vector- and
tensor-light shifts, as well as the pure spin-orbit coupling for the nuclear spin.
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Fig. 1: Dependence on the dimensionless detuning ∆̄ = ∆/(h̄AHF) of (a) the dimensionless scalar coefficient b̄0,
as well as (b) the vector b̄1 and tensor b̄2 coefficients entering the effective Hamiltonian. The values of nuclear spin
I = 9/2 and quadratic shift γ = 0.006 are taken for 87Sr atoms. Clebsch-Gordan calculations are marked by solid
lines, while squares, circles and triangles represent our analytical results, respectively.
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Towards a Quantum Processor
with programmable connectivity and non-local interactions

Franz von Silva-Tarouca*1,2, Johannes Schabbauer1,2, Stephan Roschinski1,2, Julian Leonard1,2

1Institute of Science and Technology Austria, Am Campus 1, 3400 Klosterneuburg, Austria
2TU Wien, Atominstitut, Stadionallee 2, 1020 Wien, Austria

Quantum computers and simulators are especially promising for tackling problems that require a high degree of
entanglement. However, the efficient and deterministic generation of many-body entanglement still poses a chal-
lenge. We report on progress towards building a quantum processor based on an array of single atoms trapped
in optical tweezers and strongly coupled to a high-finesse fiber cavity. The cavity enables non-local interactions,
mediated by the joint coupling of the atoms to the cavity mode. Microscopic addressing via the optical tweezers
allows for tuning this coupling for each atom, enabling programmable connectivity. This, combined with other es-
tablished techniques in cavity quantum information processing, provides us with an extensive experimental toolkit
for generating many-body entanglement and a variety of quantum computation and simulation experiments.

*Corresponding author: f.silva-tarouca@tuwien.ac.at
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Towards quantum optomechanics with a levitated nanoparticle in a Paul
trap

Jamie Morley*1, Simon Baier1, Dmitry Bykov1, Nina Erhart1, Florian Goschin1, Kelvin Ho1, Jean Peal
Louys Sanso1, Tracy Northup1

1Institut für Experimentalphysik, Universität Innsbruck, Technikerstraße 25, 6020 Austria

Levitated mechanical oscillators represent a promising platform for bringing optomechanical experiments into
the quantum regime [1]. Several challenges remain before quantum control of these objects is achieved. For a
nanoparticle in a Paul trap, already shown to have an ultra-high quality factor [2], a key milestone would be to cool
to the quantum ground state, as has been observed in optical traps [3]. In order to achieve ground-state cooling, a
clear understanding of the mechanisms opposing cooling is required. Furthermore, the nanoparticle in ultra-high
vacuum has been successfully co-trapped with an atomic ion [4]. Here I will present recent results on characterising
nanoparticle heating rates, as well as an overview of our hybrid qubit-nanoparticle system.
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Partial distinguishability in the interference of
Gaussian states in linear unitary networks

M. E. O. Bezerra*1, V. Shchesnovich1

1 Center for Natural and Human Sciences, Universidade Federal do ABC, Santo André, SP, 09210-170 Brazil

Partial distinguishability of photons is a fundamental aspect of quantum interference and a major source of
noise in any photonic quantum information protocols, as it degrades multi-photon interference and alters the
output photon statistics. It originates from the imperfect overlap of the internal states of the photons, such as
time delay, polarization, and spectral profile. In two-photon interference, this effect was first demonstrated in the
Hong–Ou–Mandel experiment, where two single photons impinging on a beam splitter exhibit perfect quantum
interference, resulting in zero coincidences only when the photons were fully indistinguishable [1].

Consider two photons, each prepared with an internal state |ψk⟩, interfering at a balanced beam splitter. The
probability of detecting one photon in each output port (a coincidence event) is

p(1, 1) =
1

2

(
1− |⟨ψ1|ψ2⟩|2

)
, (1)

which vanishes when the two photons are indistinguishable, i.e., when their internal states have complete overlap,
⟨ψ1|ψ2⟩ = 1. Then, a deviation from perfect indistinguishability degrades this destructive interference. As shown
in Eq. (1), in two-photon interference, the partial distinguishability affects the photon statistics only in function
of the modulus of the inner product between their internal states. When three or more photons interfere, the
phenomenon exhibits a richer behavior, with the complex phase of the inner product also affecting the photon
statistics, as shown in recent experimental results. [2,3].

However, the influence of partial distinguishability in the interference of Gaussian states has not yet been fully
explored. In addition, recent works have shown the significant potential of the Gaussian Boson Sampling, which
employs single-mode squeezed states as inputs and for which this constitutes an important source of noise [4,5].
In this work, we quantify the effect of partial distinguishability in the interference of single-mode squeezed states
through its explicit dependence in the internal state parameters [6]. In the simple model where the photons have
a homogeneous overlap, the effect of distinguishability emerges as an effective thermal state contribution. Be-
yond being a fundamental step towards understanding Gaussian-state interference, this analysis also allows for the
examination of noise effects arising from partial distinguishability in the Gaussian Boson Sampling scheme.

References

[1] C. K. Hong, Z. Y. Ou, L. Mandel, Measurement of subpicosecond time intervals between two photons by interference,
Phys. Rev. Letters 59 2044 (1987)
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Tue – 7 Linearized Stochastic Projected Gross-Pitaevskii Equation: Equilibrium
and Equilibration of Bose-Einstein Condensates

Nils A. Krause*1,2, Ashton S. Bradley1,2
1Department of Physics, University of Otago, Dunedin, New Zealand

2Dodd-Walls Centre for Photonic and Quantum Technologies, Dunedin, New Zealand

We present a thorough analysis of the linearized stochastic projected Gross-Pitaevskii equation (SPGPE) describing
finite temperature in Bose-Einstein condensates (BECs). A study of its equilibrium properties reveals an optimal
choice for the cut-off that divides the Bose gas into a low energetic coherent region forming a classical wave
and a high energetic thermal cloud acting as a reservoir. The linearized SPGPE equilibration properties highlight
the relevance of energy damping, the number conserving scattering between thermal and coherent atoms. It is
demonstrated to dominate relaxation and notably also condensate growth, thereby questioning the validity of its
neglect in the commonly employed simple-growth SPGPE. Hence, our work suggests the need for a re-examination
of decay processes in BECs studied under the neglect of energy damping. Simulations of the full SPGPE back up
the presented results and extend our arguments beyond the linear regime.

Fig. 1: Occupation number according to the linearized SPGPE (orange dashed line) and the Bose-Einstein distribu-
tion (violet dashed line) compared to the Bogoliubov predictions (solid blue line). The black dashed line highlights
the suggested cut-off: SPGPE treatment corresponds to an occupation number according to the orange dashed line
to its left (for smaller k) and to the violet dashed line to its right (for larger k).

*Corresponding author: krani857@student.otago.ac.nz



Po
st

er
 s

es
si

on
s

Quantum Optics XI:   1 - 5 September 2025

— 121 —

Tuesday

Optical atomic clock without a frequency comb
Sreeshna Subhash, Sankar Davuluri*

Department of Physics, Birla Institute of Technology and Science, Pilani, Hyderabad Campus, Jawahar Nagar, Kapra Mandal,
Medchal District, Telangana 500078, India

The advanced optical atomic clocks (OAC) [1] are based on two detection schemes: Ramsey fringes [2] and
fluorescence [3] measurements from two-photon excitation. The sensitivity of both the schemes is limited to
1/
√
N , where N represents the number of atoms for Ramsey fringes and fluorescent photons for fluorescence

measurement. In this work, we propose a new detection scheme for calibrating two frequencies simultaneously
based on phase measurement using a dual Mach-Zehnder interferometer with a cesium vapor cell in a double
lambda atomic configuration as shown in Fig. 1. The sensitivity of this method is limited to 1/

√
N , where

N represents the number of photons. Using Cesium D1 transition, the standard quantum-limited sensitivity and
stability of the OAC are estimated as 4.59

√
Hz and 2.18 × 10−15

√
Hz−1, respectively, at 347 K temperature,

which is two orders of magnitude better than existing vapor cell OAC. The effect of Doppler broadening is reduced
by choosing the double lambda atomic scheme with co-propagating lasers. The study of laser phase noise shows
that the clock is robust against the laser linewidth of less than 10 KHz. A linewidth of 100 KHz degrades the clock
stability from ≈ 1.7 × 10−15

√
Hz−1 to 2.2 × 10−15

√
Hz−1 at a temperature range of 300 K to 360 K. The two

simultaneously calibrated frequencies are mixed to create a beat frequency at radio wave signal can avoid the need
of a frequency comb, which improves the portability of the OAC.

i ii

iii

Fig. 1: (i) Schematics of the optical atomic clock. Green cylinder: vapor cell containing cesium atoms in double
lambda configuration. EOFS : electro-optical frequency shifter, BD: heterodyne beat detector, Bi (i = 1, 2...8):
50:50 beam-splitter, Tk : Timekeeping, Di (i = 1, 2, 3, 4): photo detectors, RW: radio-wave, MZI: Mach-Zehnder
interferometer. (i), (ii) Energy diagram for a four-level system in double lambda configuration with energy level |j⟩,
j = a, b, c, d, and energy h̄ωj , where h̄ is the reduced Planck constant and ωj is frequency. ωa > ωd > ωb = ωc.
|b⟩− |c⟩ and |a⟩− |d⟩ transitions are dipole forbidden. The population decay rate of |d⟩ to |b⟩ and |d⟩ to |c⟩ is 2γd,
and the population decay rate of |a⟩ to |b⟩ and |a⟩ to |c⟩ is 2γ. Two strong classical fields with equal Rabi frequency
Ω and mutually orthogonal polarization drive |b⟩ − |d⟩ and |c⟩ − |d⟩ transitions in (ii) and |b⟩ − |a⟩ and |c⟩ − |a⟩
transitions in (iii). The transitions |b⟩ − |a⟩ and |c⟩ − |a⟩ in (ii) and |b⟩ − |d⟩ and |c⟩ − |d⟩ transitions in (iii) are
coupled to two weak quantum fields with mutually orthogonal polarisation represented with annihilation operators
â1, â2 and â′1, â′2, respectively. ∆, ∆d: detuning of the laser from atomic transition frequency. Whenever the laser
frequencies are detuned from the atomic resonance frequencies by same amount (i.e., ∆ = ∆d ≪ γ), a non-zero
phase is added to the output field from the atomic scheme. This additional phase shifts the interference fringes,
which is used as feedback.
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Quantum Optics XI
Observing mode coalescence in a driven-dissipative quantum many-body

system
Gabriele Natale†1, Alexander Baumgartner†1, Justyna Stefaniak1, David Baur1, Simon Hertlein1, Tilman

Esslinger 1, Tobias Donner 1

1Institute for Quantum Electronics, ETH Zurich, Switzerland

In recent years, ultra-cold atom research has driven significant advancements in quantum optics, condensed matter
physics, and quantum information processing, leading to the discovery of novel states of matter and new quantum
simulation platforms. While many studies have focused on weakly interacting, short-range systems, there is a
growing interest in systems with long-range interactions, especially those involving dissipation, which can give
rise to complex dynamics. Understanding such systems can reveal new quantum phenomena and provide deeper
insights into open-system dynamics. Our experiment investigates the collective phenomena of a Bose-Einstein
Condensate (BEC) of rubidium atoms trapped in a high-finesse cavity and driven by a dispersively detuned pump
laser. The coupling between the BEC and the cavity induces long-range interactions, resulting in two roton-like
excitation modes corresponding to two exotic superradiant phases [1]. The tunability of our system allows us to
examine a parameter regime where the energy of two modes would cross in a closed system. However, the inherent
dissipation makes their fate less trivial and causes the coalescence of these two modes in energy. In this regime,
the system acquires an effectively imaginary energy component, resulting in gain and loss states. This leads to
dissipation-induced dynamical instability in the system [2]. By performing cavity Bragg spectroscopy we can
observe the coalescing modes and reveal a chiral response of the system in this region.
References
[1] X. Li, et al., Measuring the dynamics of a first order structural phase transition between two configurations of a superra-
diant crystal, Phys. Rev. Research 3, 2021.
[2] D. Dreon, et al., Self-oscillating pump in a topological dissipative atom–cavity system, Nature 608, 2022.
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Leveraging high-dimensional entanglement to boost the success
probability of linear-optical fusions

T. Yamazaki*1, K. Azuma1

1NTT Basic Research Laboratories & NTT Research Center for Theoretical Quantum Information,
NTT Corporation, Atsugi, Kanagawa 243-0198, Japan

Photonic qubits play a crucial role in quantum communication and computation. However, their entangling
operations using linear optics and photon detectors are known to be inevitably probabilistic. In particular, a Bell-
state measurement, also called type-II fusion gate, succeeds with a probability up to 50%, which makes many
applications, such as linear-optical quantum computation and repeaters, inefficient. In this work [1], we present
a way to effectively increase the success probability of a fusion gate using photonic qudits. A photonic qudit of
dimension d is defined with a photon and d modes, and thereby its dimension can be increased without increasing
the number of photons. We introduce a new quantum measurement on two qudits, called pairwise fusion gate
(PFG). In contrast to the fusion gate on qubits being a probabilistic projection onto a Bell state, the PFG is a
probabilistic projection onto a “pairwise” Bell state, 1√

2
(|i⟩|j⟩± |j⟩|i⟩) or 1√

2
(|i⟩|i⟩± |j⟩|j⟩), which is a Bell state

defined on a two-qubit subspace of two qudits, specified by two integers i, j ∈ {0, 1, . . . , d − 1}. The PFG can
be implemented with the setup shown in Fig. 1 for time-bin qudits with the success probability of 1− d−1, which
exceeds the upper limit of 50% on the standard fusion gate. Although it is not clear whether the PFG can be used
as a substitute for the standard fusion gate, we find that entanglement swapping can be implemented with PFGs
instead of standard fusion gates, where the success probability is boosted from 50% to 1− d−1. We also show that
this entanglement swapping can be applied to a quantum repeater protocol using three-qudit photonic GHZ states
and quantum memories. This protocol outperforms the protocol that uses the standard fusion gates thanks to the
boosted success probability. This work presents a novel application of photonic qudits that successfully circumvent
the fundamental limitation of photonic quantum information processing, distinct from their conventional use case
as high-capacity information carriers.

Detector

Detector

Time bin

Time bin

Beam splitter

Pairwise fusion gate (PFG)

Fig. 1: Linear-optical circuit of a pairwise fusion gate for time-bin qudits.

References
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Large associative ionization cross-section for low lying states of Li
N. Joshi*1, Vaibhav Mahendrakar†1, M. Niranjan1,2, Raghuveer Singh Yadav1, E Krishnakumar1, A.

Pandy3, R Vexiau3, O. Dulieu3, S. A. Rangwala1
1Raman Research Institute, C. V. Raman Avenue, Sadashivanagar, Bengaluru 560080, India

2Laboratoire Charles Fabry, Institut d’Optique, CNRS, Universit´e Paris-Saclay, 91127 Palaiseau, France
3Laboratoire Aim´e Cotton, CNRS, Universit´e Paris-Saclay, Orsay, 91400, France

We observe a high formation rate of Li+2 ions via resonant excitation of 7Li [Fig 1.a] atoms to low-lying 2P and 3S
states. This phenomenon was observed in a dilute Magneto-optical trap (MOT) (average atomic separation ≈ 10
µm, T ≃ 500µK) of 7Li formed at the center of a co-operational ion trap [Fig 1.b]. The overlaps in the Potential
Energy Curves (PECs) of neutral Li2 and the Li+2 , together with the quadratic dependence of Li+2 formation rate on
the density of MOT, point towards associative ionization (AI) as the formation pathway [1]. We use the Parametric
Excitation technique to not only identify these ions as Li+2 but also decipher the entire chain reaction :

Li(3S) + Li(2P) → Li+2 + e → Li+ + Li + e. (1)

We use the ion trap to confine these molecular ions and study their photo-dissociation (PD) in the presence
of MOT light [Fig 1.c]. Unlike the case of Rb+

2 [2], we observe a few long-lived Li+2 in the ion trap, even in the
presence of the MOT light. These ions are formed in the lower vibrational states of the X2Σ+

g PEC which have
low PD rates towards the dissociation continuum of the lowest 2Σ+

u state for the 670nm wavelength allowing the
Li+2 to be co-trapped with the Li MOT. It is interesting to note that the MOT light of other species, such as Rb
(780 nm), Cs (852 nm), and K (767 nm), has lower frequencies than the Li MOT, which presents an opportunity
to co-trap Li+2 with these species for further cold chemistry studies. In addition, we observe a fast conversion of
(≈50 %) of Li+2 to Li+ in the absence of MOT light (and the MOT atoms), which needs further investigation.

The significant AI rate of Li+2 suggests a large cross-section for this process. We carried out measurements to
determine the AI cross-section to be very high (≈ π (1000 ao)2) [3]. This is interesting, despite the fact that the
participating atoms [Li(2P) & Li(3S)] are not in high-lying Rydberg states [4].

Fig. 1: a) Li atomic states with MOT transition, 813 nm, ionization continuum b) The experimental construct
showing the MOT beams and the MOT formed at the center of the ion trap, the radial extraction scheme. c)The
evolution of the time of flight spectrum of the ions extracted onto the microchannel plate (MCP) in the presence of
MOT. The ions at times of arrival (3-7.5 µsec) are Li+ and the rest are Li+2 .

References
[1] N.Joshi et al., Associative ionization in a dilute ultracold 7Li gas probed with a hybrid trap , arXiv:2411.01209v1 2 Nov
2024.
[2] S. Jyothi et al., Phys. Rev. Lett. 117,213002. (18 Nov 2018).
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Structural transitions and stochastic dynamics of Coulomb clusters
A. Ayyadevara*1, A. Prakash1, S. Dutta1, A. Paramekanti2, S. A. Rangwala†1

1Raman Research Institute, C. V. Raman Avenue, Sadashivanagar, Bangalore 560080, India
2Department of Physics, University of Toronto, 60 St. George Street, Toronto, ON, M5S 1A7 Canada

Coulomb crystals are spatially ordered structures that emerge from sufficiently damping a system of co-trapped
like-charges. As the particles lose kinetic energy, they self-organize into configurations where the confinement
force balances the mutual Coulomb repulsion. Linear chains of optically active trapped ions have been instru-
mental in developing modern quantum technologies toward precision spectroscopy and quantum information pro-
cessing [1-2]. Due to the precise control over the system’s parameters, they provide an exceptional platform for
investigating collective phenomena across various scales, as the crystal can be built atom by atom [3].

We present structural transitions observed in clusters formed by a few laser-cooled atomic ions confined in a 3D
trap. Numerical analysis of the clusters’ vibrational modes reveals distinct lattice dynamics at specific transition
points, and the corresponding signatures are observed experimentally. Our experiments and analysis of Coulomb
cluster structures show that this small system emulates different kinds of solid-solid structural transformations,
where lattice instability or metastability determines the nature of a structural phase transition.

In addition, we identify a few clusters with two symmetric configurations of degenerate energies. In real
time, the ions reorient as the entire cluster switches between the two potential energy minima. To understand
the mechanism behind such stochastic switches and their rate, we apply methods from quantum chemistry [4]
and reaction rate theory [5]. The theoretical predictions agree well with stochastic-dynamics simulations and
experimental observations, pointing towards a thermal-activation process due to the photon bath used for Doppler-
cooling of the cluster. Such studies can be performed in the quantum regime by cooling the entire cluster to the
motional ground state.
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[2] H. N. Hausser et al., Phys. Rev. Lett. 134, 023201 (2025).
[3] M. Drewsen, Phys. B Condens. Matter 460, 105–113 (2015).
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Experimental noiseless quantum amplification of coherent states of light
by two-photon addition and subtraction

M. Neset*1, J. Fadrný1, M. Bielak1, J. Fiurášek1, M. Ježek1, J. Bı́lek1

1Department of Optics, Faculty of Science, Palacký University, 17. listopadu 12, 77900 Olomouc, Czech Republic

Controlled addition and subtraction of single photons represent crucial tasks of quantum state engineering and
fundamental building blocks of nonlinear photonic devices. Here, we report on the experimental implementation
of a noiseless quantum amplifier for coherent states of light that is based on the conditional addition of two pho-
tons followed by the conditional subtraction of two photons. [1] We comprehensively characterize the noiselessly
amplified coherent states via quantum state tomography, and analyze the amplification gain and noise properties of
the amplifier. Examples of Wigner functions of the conditionally generated noiselessly amplified coherent states
are shown in Fig. 1. We observe very good agreement between the experiment and theoretical predictions. We
show that the performance of our noiseless amplifier is essentially the same as the performance of an interfero-
metric scheme, where the signal is split into two modes, each mode is noiselessly amplified, and the modes are
interferometrically recombined. Sequences of multiple photon additions and subtractions thus represent an effi-
cient and experimentally feasible alternative to multiplexing that was originally proposed to boost the performance
of noiseless quantum amplifiers. Beyond noiseless quantum amplification, our experiment represents a significant
step forward towards engineering complex quantum operations on traveling light beams by coherent combinations
of various sequences of multiphoton additions and subtractions.

Fig. 1: Experimental Wigner functions of noiselessly amplified coherent state with input amplitude α = 0.77.
Results are shown for amplification by operations ââ† (a) and â2â†2 (b).
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Quantum Optics XI
Spatially resolved temperature measurements on ultra-cold atoms using

Rydberg Doppler broadening spectroscopy
Krishna Nand Trivedi*1,2, Elia Solè Cardona2, M. Carminati1, O. Morsch1,2

1Dipartimento di Fisica ”E. Fermi”,Largo Bruno Pontecorvo 3, 56127 Pisa, Italy
2CNR-INO, via G. Moruzzi 1, 56124 Pisa, Italy

We introduce a technique for spatially resolved temperature measurement utilizing Rydberg Doppler broadening
thermometry. This method employs two laser beams (420 nm and 1012 nm) arranged perpendicularly to excite
laser-cooled Rb-87 atoms from the ground state (5S1/2) to the Rydberg state (70S1/2) via an intermediate state
(6P3/2). The perpendicular configuration allows for selective probing of specific positions within the atom cloud,
enabling localized temperature measurements [1]. This technique offers the potential for nanokelvin resolution,
attributed to the exceptionally narrow natural linewidth ( 2π × 0.95 kHz) of the involved Rydberg transition line.
We have also measured the temperature of an atomic sample after heating it with resonant laser light (see Figure
1)).

Furthermore, this approach enables the analysis of position-momentum correlations within the cold atom en-
semble. Momentum information is extracted via the Doppler shift, while spatial information is inferred from the
arrival time of ions detected by a channel electron multiplier with a spatial resolution of 20µm. To induce cor-
relations, we first heat the atomic cloud with resonant laser light and then allow it to freely expand. During this
time-of-flight (TOF), the atoms develop position-momentum correlations (Figure 2).

Fig. 1: Measured temperature as a function of heat-
ing time

Fig. 2: Position-momentum correlations after 1 ms of
free expansion of the atomic cloud.

references
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Quantum Optics XI
Entanglement of massive, charged objects via a lossy conductive wire

L. Papa*1, C.Gonzalez-Ballestero
1Institute for Theoretical Physics, TU Wien, Wiedner Hauptstrasse 8-10/E136, 1040 Vienna, Austria

Bringing ever larger masses into quantum states not only benchmarks the amount of achievable quantum con-
trol and sensitivity of mechanical sensors, but also provides a pathway towards exploring untested physics like
exotic particles or quantum gravity. While Optomechanics experiments like the generation of Schrödinger cat
states [1] and entanglement of picogram drums [2] represent huge achievements in this pursuit, their scalability
in terms of both mass and wave function expansion is limited quite simply by their material connection to the
environment as a source of decoherence. Eliminating or minimizing this connection, with e.g. optically levitated
nanoparticles [3] or milligram torsion pendula [4] should in principle yield higher environmental isolation with
simultaneously higher degree of motional control. Since optically mediated entanglement is predicted to be fun-
damentally challenging for these systems [5], most efforts to generate macroscopic motional entanglement are
focused on utilizing the Coulomb interaction which is relatively short-ranged (∝ 1/r3).
In this work, we propose to use a conductive wire as a mediator of the particle-particle Coulomb interaction. This
has been shown to enhance quantum protocols in the past [6]. Here, we are fully characterizing the effect of the
wire with regards to extended range, tunability of the resulting force and added decoherence. We quantize the
electromagnetic field in the presence of the lossy wire utilizing the formalism of macroscopic quantum electrody-
namics [7]. Decoherence and coupling rates are extracted from a Born-Markov master equation and expressed in
terms of the classical Green’s function. Our treatment uncovers an unconventional coherent squeezing rate in the
modified Hamiltonian, which enhances the entanglement generation and which counterintuitively increases with
the resistance of the wire. We verify the extended range of the interaction using the Green’s function for an in-
finitely extended wire and we determine parameter regimes in which entanglement can be experimentally observed
for levitated nanoparticles, as well as milligram-scale torsion pendula.
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Conversion of correlations in quantum bosonic networks
J. Bembenek, Z. Ficek∗

Quantum Optics and Engineering Division, Institute of Physics, University of Zielona Góra, 65-516 Zielona Góra, Poland

Intermodal correlations play a crucial role in operation of quantum networks and quantum computers. Particular
attention has been directed to the continuous variable systems which are widely used because of their experimental
availability and controllability [1]. The key quantities in operation of quantum networks composed of coupled
bosonic modes, described by creation (annihilation) operators a†i (ai), are single (i = j) and two-mode (i �= j)

correlation functions 〈aiaj〉 and 〈a†iaj〉. A non-zero single mode correlation function 〈aiai〉 is a measure of single-
mode two-photon coherence, which leads to squeezing of the field fluctuations in the mode i. The two-mode
correlation function 〈a†iaj〉 is a measure of the one-photon or the first-order coherence of the fields in the two
modes which is instrumental in the continuous variable quantum computing, whereas the two-photon correlation
function 〈aiaj〉 is a measure of multimode squeezing of the correlated modes which is necessary for entanglement
of the modes [2,3].

In this presentation we demonstrate how the inter-mode correlations can be generated between two bosonic
modes mutually coupled through two fundamentally dissimilar physical interaction processes, the linear photon
exchange type interaction and the nonlinear parametric type interaction. The parametric interaction is well known
that it amplifies populations of the modes whereas the linear interaction transfers photons between the modes. In
addition, parametric interaction can entangle modes being in classical states, and the linear interaction is known to
generate entanglement only if the modes are in nonclassical states [4].

We have derived analytical expressions for the correlation functions which show that there exists a simple
relation between varying the intra-mode populations and fluctuations and the creation of the inter-mode correla-
tions, that it is possible to measure the inter-mode one- and two-photon correlation functions by readout of the
populations or the variances of the field quadratures. In the evaluation of the correlation functions we include de-
coherence (damping with rate κ) expected for modes interacting with their environments and assume that initially
the modes are in single-mode squeezed states determined by numbers of photons n1, n2 and degrees of the internal
two-photon correlations, 〈a1a1〉 = m1 and 〈a2a2〉 = m2. For example, the one- and two-photon correlations
under the linear interaction are

〈a†1a2〉 = −∆n sinψ cosψ =
1

2

∂

∂g

(
∆n cos2 ψ

)
=

1

2

∂

∂g

(
〈a†1a1〉 − 〈a†2a2〉

)
(1)

〈a1a2〉 = −m sinφ sinψ cosψ =
1

2

∂

∂g

(
m sinφ cos2 ψ

)
=

1

2

∂

∂g
(〈a1a1〉+ 〈a2a2〉) (2)

where ∆n = (n1 − n2)/2, m = (m1 + m2)/2, ψ = g/κ, and φ is the relative angle of the phase orientations
of the error ellipses of the modes. It is clearly seen that the interaction stimulates a process which converts the
varying intra-mode population difference into the first-order coherence whereas the varying intra-mode two-photon
correlations are converted into the inter-mode two-photon correlations.

In the case of the nonlinear parametric interaction the varying populations of the modes are converted into the
two-photon inter-mode correlations, whereas the varying intra-mode two-photon correlations are converted into
inter-mode one-photon coherence

〈a1a2〉 = −
(
n+

1

2

)
sinhψ coshψ =

1

2

∂

∂g

[(
n+

1

2

)
cosh2 ψ

]
=

1

2

∂

∂g

(
〈a†1a1〉+ 〈a†2a2〉

)
(3)

〈a†1a2〉 = −m cosφ sinhψ coshψ =
1

2

∂

∂g

(
m cosφ cosh2 ψ

)
=

1

2

∂

∂g
(〈a1a1〉+ 〈a2a2〉) (4)

The above expressions show that the two interaction processes create inter-mode correlations under completely
different conditions. From Eqs. (1) and (2) we see the linear type interaction requires some kind of asymmetry
between the modes, e.g. unequal populations (n1 �= n2) and different orientations of the error ellipses. Eqs. (3)
and (4) show that the parametric type interaction requires symmetry between the modes.

Thus, in the realizations of this model one can control the output state of the modes which depending on the
type of the interaction and the state of the modes can vary from coherent to entangled.
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Single-pair measurement of the Bell parameter and investigation of novel
nonlocality bounds

F. Atzori*1, S. Virzı̀1, E. Rebufello1, A. Avella1, F. Piacentini1, R. Lussana3, I. Cusini3, F. Madonini3, F.
Villa3, M. Gramegna1, E. Cohen4, I.P. Degiovanni1,5, M. Genovese1,5

1Istituto Nazionale di Ricerca Metrologica, Strada delle Cacce 91, I-10135 Torino, Italy
2Politecnico di Torino, Corso Duca degli Abruzzi 24, I-10129 Torino, Italy
3Politecnico di Milano, Piazza Leonardo da Vinci 32, I-20133 Milano, Italy

44 Bar-Ilan University, Ramat Gan, Israel
5Istituto Nazionale di Fisica Nucleare, via P. Giuria 1, I-10125 Torino, Italy

Since its birth, Quantum Mechanics has notoriously shown its counterintuitive traits, although maintaining its inter-
nal self-consistency. A clear example of this is represented by Bell inequalities [1], that in 1965 turned a philosoph-
ical debate into a physical experiment capable of extracting the true nature of correlations within physical systems,
opening several research fields spanning from quantum mechanics foundations to quantum technologies [2]. Al-
though loophole-free Bell inequality tests have been eventually realized [3-5], it was always deemed impossible
to measure the entire Bell parameter on a single quantum system, a task forbidden by the Heisenberg uncertainty
principle and the measurement-induced wave-function collapse. Defying this conviction, here we present the first
realization of a weak-interaction-based method (see Fig. 1) for estimating the entire Bell parameter from each en-
tangled pair while preserving the entanglement within the particles [6]. Since this method prevents the state from
collapsing, one can measure multiple (incompatible) observables on the same quantum state, extracting all the cor-
relations needed to evaluate the full Bell parameter from each pair (although with a large uncertainty, as it usually
occurs with weak measurements). Besides providing new insights into some aspects of quantum foundations, like
the concept of counterfactual definiteness [7], the fact that here the entanglement remains almost unaltered after its
certification allows realizing further information protocols or quantum foundations experiments. Finally, we ex-
ploited this feature to test a novel nonlocality bound based on a recently-introduced principle dubbed Relativistic
Independence [8], explicitly showing the intertwining between local and nonlocal correlations [9].

Fig. 1: The scheme of the experimental setup. Our entangled pair source (EPS) generates entangled photon pairs
in the state |ψ−⟩ = (|HAVB⟩ − |VAHB⟩)/

√
2, sending one photon to Alice (A) and the other to Bob (B). Both

A and B implement two Weak Measurements in a row, each carried by a pair of birefringent crystals preceded
by a halfwave plate (HWP), setting the measurement bases. With this sequence, we are able to weakly couple
the transversal spatial distribution and the polarizzation degrees of freedom of the photons. Then, both photons A
and B are detected by a two-dimensional (2D) spatially resolving detector with internal time-tagging capability,
with dedicated coincidence electronics (labelled as “&”). This scheme prevents the |ψ−⟩ state from collapsing,
although at the cost of some small disturbance, allowing us to estimate all the measurement correlations required
for measuring the Bell parameter and testing the Relativistic Independence principle [5].
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Genuine Continuous Quantumness

V. Kala*1, J. Fadrný1, M. Neset1, J. Bı́lek1, P. Marek1, M. Ježek†1

1Department of Optics, Palacký University, 17. listopadu 1192/12, 77900 Olomouc, Czech Republic

Heisenberg’s uncertainty principle reveals the existence of intrinsic noise in continuous variable systems. Usu-
ally, it is explored via quantum states with Gaussian squeezing. Insufficiency of Gaussian states for advanced
quantum applications shifts attention into the non-Gaussian domain, which is quite a complex space. Whereas
quantumness comes naturally to discrete variable systems, in continuous ones, its preparation and verification are
challenging, especially in the presence of experimental imperfections. We present generalized nonlinear squeez-
ing as a new powerful framework that distinguishes genuine quantumness, non-Gaussianity, in an intrinsic noise
of continuous systems. The concept is based on cost functions that seek a target shape of the noise distribution
and a threshold that distinguishes it from Gaussian states. Further, we experimentally prepare multi-photon-added
coherent states and use generalized nonlinear squeezing to certify their non-Gaussianity via observing the effects
of cubic and quintic order [1].
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Optical manipulation of ultra-cold Yb atoms for state preparation and
measurements of atom-light interactions

D. Benedicto Orenes*1, A. Apoorva1, N. L. Lopes Matias1, R. Saint-Jalm1, R. Kaiser1
1Université Côte d’Azur, CNRS, Institut de Physique de Nice, 06200 Nice, France

Optical manipulation of the energy level structure of ultra-cold atomic clouds can be used as an alternative to
an external magnetic field. Sometimes this is necessary because the atomic states are magnetically insensitive,
such as in the optical Stern-Gerlach protocol in the ground state of fermionic Yb isotopes. But it is also important
when one faces time-sensitive applications, i.e., when the switch time of the coils used to create the magnetic field
is too slow for the dynamics that one is interested to study. Here, we present recent experimental progress in the
manipulation of ultra-cold 174Yb atoms with optical frequencies. We exploit the 3P1 - 3D1 transition to manipulate
the energy level structure, and we demonstrate: i) the preparation of an ensemble of atoms in the excited state at
the core of a larger cloud of atoms in the ground state [1]. These results lead to the measurement of light diffusion
coefficient from inside the atomic sample, as opposed to the typical situation where the light propagates from
outside the medium; ii) Using multiple frequencies we also gain independent control over the three degenerate
energy levels of the 3P1 state, and we are able to observe an all-optical Faraday rotation effect on the polarization
of incident light on the sample [2]. Then, we will briefly discuss the implications of these experimental progress
towards the realization of 3D Anderson localization of light in an atomic medium.
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Atom State Interferometer with Vector light beam
K.Samanta*1, S.J. Svensson1, N.Westerberg1, S.F.Arnold1,

1 School of Physics and Astronomy, University of Glasgow, G12 8QQ, United Kingdom

Perhaps one of the most salient features of light is the fact that it can interfere, particularly vector light corre-
lated with polarization and spatial degrees of freedom shows fascinating behaviour in the context of interference.
[1, 2]. On the other hand, an atom can be a valuable interface to shape light because by its very nature the atomic
dipole interactions are sensitive to polarization via selection rules [3]. In this work, our goal is to investigate the
role of structured light for atom state interferometers, where it facilitates local interference dictated by the orienta-
tion of an external magnetic field, optical and atomic polarization.
Here, we realize an atom state interferometer in 87Rb driven by a vector light beam which excites two optical tran-
sitions from F = 1 to F ′ = 0 hyperfine state in a Λ (fig1(a)) configuration and a transverse magnetic field couples
between the ground levels creating a closed loop configuration to make a phase sensitive system. We consider a
very generic form of light field embedded in left and right hand circular polarization to study internal dynamics of
Rb87 atom delving into a fully analytical description. We investigate the inner atomic process observing transition
probabilities between our derived partially dressed states according to some order of perturbation theory. The re-
sults show that the transition rates between the partially dressed states depends on the phase and polarization profile
of the light, as specified by the coordinates on a Poincare sphere[4], and the direction of the external magnetic field.

Fig. 1: (a): Atomic level scheme (Ground states ±1 couples optically to the excited states and also the ground states±1, 0
states are coupled by transverse component of an external magnetic field) , (e): partially dresssed state basis form a ladder
like system, where the excited state |e⟩ coupled optically and |c⟩,|g⟩ and |d⟩ are magnetically coupled . (f), (g) and (h) show
transition rates between |d⟩ to |e⟩ with varying magnetiic field angle (θB) corresponding to different beam profiles ((b)the
probe is homogenously right circularly polarized (RCP), (c) Arbitrary polarized and (d) radially beam. It is also to be noted
that for homogeneously RCP beam as the close loop configuration (fig1: a)disappears results in the vanishing of spatial phase
dependency in absorption .

Our fully analytical model allows to associate parameters of the structured light with specific atomic transition
rates, and hence absorption profiles. Our study enhances the understanding of vector light-atom interaction, and
may pave the way to designing devices for quantum magnetometry and metrology.
References
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Collective light shifts of many cavity modes probed by an optical
frequency comb

M. Ðujić, M. Kruljac, L. Kardum, N. Šantić, D. Aumiler, I. Krešić*, T. Ban
1Institute of Physics, Bijenička cesta 46, 10000 Zagreb, Croatia

Optical resonators have been a mainstay of atomic physics for the last four decades. The considerable enhancement
of light-atom interaction, provided by coupling to a high quality optical cavity, has led to unprecedented levels of
quantum control, down to single atoms and photonic quanta. When the cavity mode is tuned close to an atomic
resonance, the coupling leads to photon exchange oscillations between the atoms and the cavity mode due to
vacuum Rabi splitting [1]. For an ensemble of cold atoms, the dispersive regime of this interaction, occurring when
resonator frequency is detuned sufficiently far from the optical transitions that photon absorption is negligible, has
also proven crucial for inducing spectacular collective effects such as cavity cooling [2], spin squeezing [3] and
self-organization [4].

So far, this dispersive interaction regime has only been studied using a single or few longitudinal cavity modes
at a time. We experimentally study the dispersive interaction between a cold atom cloud and many longitudinal
modes of a Fabry-Perot resonator, by detecting collective light shifts in the transmission spectrum of an optical fre-
quency comb probe. Using a high quality resonator and around 105 intracavity atoms, we detect appreciable shifts
of more than 50 cavity modes simultaneously. These results constitute a first demonstration of dispersive interac-
tion of matter with many longitudinal modes of a linear resonator, and pave the way towards the optomechanical
cold atom interaction regime with femtosecond pulsed light.

Fig. 1: Measuring the collective light shift of many longitudinal cavity modes induced by dispersive interaction
with cold atoms. (a) A cold atom cloud is placed inside a Fabry-Perot resonator driven by an optical frequency
comb. (b) The cavity transmission is detected at a spectrometer, showing a marked difference in spectra when the
atoms are present or not. The cavity modes are shifted by u j due to light-matter interaction, and the strength of the
shift is inversely proportional to the detuning of the cavity mode ν( j)

c from the two-level optical transition of the
atoms νa. We detect appreciable shifts of more than 50 cavity modes simultaneously when a cold atom cloud is
loaded into the resonator.
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Towards Light Scattering Experiments in Dense Dipolar Gases

I. Varma*1, M. Proske, R. Sriranga, P. Windpassinger
1Institute of Physics, Johannes Gutenberg University, Staudingerweg 7, 55128 Mainz, Germany

In ensembles of ultracold atoms where interatomic spacing is smaller than the wavelength of scattered light, direct
matter-matter coupling through electric & magnetic interactions significantly influences system dynamics, leading
to a regime where atoms cannot be treated as independent emitters. In this context, we aim to study the role
of magnetic dipole-dipole interactions (DDI) in the cooperative behavior exhibited by dense atomic ensembles
of dysprosium, which has the highest ground-state magnetic moment (10 Bohr magnetons)of all elements in the
periodic table. Light-scattering experiments are a standard tool to probe these effects experimentally.

This poster reports on the progress made in generating dense dysprosium clouds, including optical transport of
atoms into a home-built science cell with high optical access. The creation and imaging of the samples is achieved
using high NA custom objectives, designed and assembled in-house. We present recent measurements outlining
the impact of trapping light polarization on atomic lifetime and temperature. Further, an outlook is given on future
measurements exploring collective and cooperative effects in our sample.
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Discrete diffraction and discrete solitons
in optically induced lattices in atomic vapor

L. Kardum1, V. Vulić1, D. Aumiler1, N. Šantić*1

1Center for Advanced Laser Techniques, Institute of Physics, Bijenička cesta 46, 10000 Zagreb, Croatia

We present an experimental study of the propagation of light through 1D and 2D optically induced lattices by a
far-detuned Λ system in Doppler-broadened 87Rb atomic vapor. Discrete diffraction patterns are observed when a
probe beam, initially focuced to a single lattice site, propagates through the optically induced lattice. We investigate
the influence of various experimental parameters, such as probe beam size, probe and coupling laser detunings and
intensities, and the concentration of atoms on the observed diffraction patterns and the patterns’ contrasts. At
higher probe powers we also observe the formation of discrete solitons.

These periodic structures in atomic systems are analogous to weakly coupled waveguides, yet they have tunable
optical properties. As such, they provide a powerful experimental platform that can enable the exploration of
complex quantum and optical physics phenomena, such as non-Hermitian physics, Aubry–André localization,
PT-symmetric potentials [1], and photonic Floquet topological insulators [2].

Fig. 1: Simulated (left) and measured (right) propagation of light through an optically induced one-dimensional
lattice in rubidium vapor.
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Emergent Lee-Huang-Yang physics from a Wigner representation of the

Bose field
K. L. Ng*1, M. B. Kruk1, P. Deuar†1

1Institute of Physics, Polish Academy of Sciences, Aleja Lotników 32/46, 02-668 Warsaw, Poland

We present a theoretical framework for incorporating beyond-mean-field Lee-Huang-Yang (LHY) physics [1] into
the truncated Wigner representation of an ultracold Bose gas. This is achieved by generating a Bogoliubov ground-
state representation [2] with an appropriately tailored bare interaction strength g0 and condensate density n0, ensur-
ing identical initial energy and density conditions for both mean-field and Wigner field dynamics. This approach
allows for the study of quantum correlations, coherence decay, and condensate fraction beyond the scope of the ex-
tended Gross-Pitaevskii equation (EGPE). Numerical simulations in one-dimensional Bose-Einstein condensates
demonstrate that observables significantly deviate from both the plain Gross-Pitaevskii equation (GPE) and EGPE,
with the latter failing to provide clear improvements over the former. In particular, interference effects predicted
by these mean-field approaches often vanish entirely. In a system subjected to a periodic trapping potential, the
truncated Wigner method qualitatively reproduces the expected beyond-mean-field behavior while revealing that
certain interference patterns from the EGPE are unphysical. This establishes the truncated Wigner approxima-
tion as a powerful alternative for capturing emergent LHY physics in regimes where quantum correlations are
non-negligible.

Fig. 1: Density evolution of an initially homogeneous Bose gas in a periodic trapping potential, V̄ (x̄) = 1
10cos

(
x̄
8

)
,

where x̄ = x
x0

and x0 = h̄√
mgn . Left: Extended Gross-Pitaevskii Equation (EGPE) prediction, governed by

i∂ψ̄∂t̄ =
[
− ∇̄2

2 + V̄ (x̄) + ḡ|ψ̄|2 − ḡ3/2

π |ψ̄|
]
ψ̄, where ḡ = mgx0

h̄2 = 0.3 and ḡn̄(t̄ = 0) = 1. A sharp interference
pattern emerges at t̄ > 50. Right: Gross-Pitaevskii Equation (GPE) prediction from the Bogoliubov ground
state in the Wigner representation, ψ̄W, evolving according to i∂ψ̄W

∂t̄ =
[
− ∇̄2

2 + V̄ (x̄) + ḡ0|ψ̄W|2
]
ψ̄W, where

ḡ0 = 0.2718. The interference pattern vanishes, indicating that the structures observed in the EGPE solution are
unphysical [3].
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Quantum Optics XI
Numerical investigation of simultaneous spin-squeezing of fermionic

mercury isotopes in natural abundance vapor cells
H. Medhat*1, M. W. Mitchell†1

1Atomic Quantum Optics group, Institute of Photonic Sciences (ICFO), Barcelona, Spain

We investigate the use of optically-addressable nuclear spins in the fermionic isotopes of Mercury ( 199Hg and
201Hg) for generating macroscopically entangled spin squeezed states [1,2] in hot atomic vapors. We present a
quantum interface for calculating the Wineland spin squeezing criterion [3] under the influence of different atomic
loss and spin decoherence sources as well as inhomogeneous atom-light coupling within the Gaussian approxima-
tion [4] of atomic spin-f states. The novel aspects about our work are 1) generalizing the Gaussian-approximation-
based quantum interfaces [4,5] to spin-f systems where f > 1, and 2) investigating the simultaneous spin squeez-
ing of two optically-addressable nuclear spins (199Hg and 201Hg) in an atomic ensemble of natural-abundance
mercury.
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Gauge theories from generalized blockade in decorated Rydberg arrays
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Spain

2ICFO - Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology, Mediterranean Technology Park,
Avinguda Carl Friedrich Gauss 3, 08860 Castelldefels (Barcelona), Spain

3Barcelona Supercomputing Center, Plaça d’Eusebi Güell 1-3, 08034 Barcelona, Spain
4ICREA, Pg. Lluı́s Companys 23, 08010 Barcelona, Spain

Nowadays, controllable quantum systems offer the unprecedented opportunity to study phase diagrams and dy-
namics of strongly coupled gauge theories by engineering their lattice Hamiltonian [1]. Rydberg atoms in recon-
figurable optical tweezers proved to be an excellent platform to implement spin-like Hamiltonians in ultracold atom
experiments [2]. Due to their controllability and adaptability, they are highly suited to simulate a wide range of
physical models while their scalability enables the investigation of dynamics in large-scale setups. In my presenta-
tion, I will consider the well-known Rokhsar-Kivelson Hamiltonian [3], a 2D U(1) lattice gauge theory describing
quantum dimer and spin-ice dynamics, in different geometries. I will show a realistic proposal for realizing the
model and probing its rich phase diagram in a Rydberg atom setup. By applying a dual mapping, it is possible to
describe the Hamiltonian’s plaquette interactions as an Ising spin model with projectors displaying both blockade
and anti-blockade behavior [4]. To simulate the combination of these conditions, anisotropic interactions between
spins are needed, making a realization in conventional Rydberg setups challenging. I will explain how to engi-
neer tunable anisotropic attractive as well as repulsive interactions with so-called superatoms by organizing two
or more individual atoms in small clusters sharing one Rydberg excitation [4]. Controlling the couplings between
these superatoms translates into the desired blockade and anti-blockade conditions and enables a realistic imple-
mentation of such models. I will present practical protocols to adiabatically prepare the resonating valence bond
solid phase of the Rokhsar-Kivelson Hamiltonian, and discuss their suitability for Rydberg arrays of strontium
atoms. Finally, I will show that we can investigate variants of the Rokhsar-Kivelson model corresponding to other
generalized blockade conditions, by simply tuning the geometry both adiabatically as well as diabatically using
quantum quenches.
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Persistent oscillation of a Cooper-pair condensate of topological defects in
a nonintegrable quantum Ising chain

F. A. Bayocboc, Jr.*1, J. Dziarmaga1, M. M. Rams1, W. H. Zurek2

1Institute of Theoretical Physics, Jagiellonian University, Łojasiewicza 11, PL-30348 Kraków, Poland
2Theory Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

We identify persistent oscillations in a nonintegrable quantum Ising chain. In the integrable chain with only
nearest-neighbor interactions, the nature, origin, and decay of post-transition oscillations are tied to the Kibble-
Zurek mechanism [1]. The Hamiltonian of the integrable Ising chain is given by

H = −
L∑

n=1

(
gσx

n + σz
nσ

z
n+1 + J2σ

z
nσ

z
n+2

)
, (1)

where σx,y,z
n are Pauli operators at site n, g is the transverse field, and J2 = 0 is the next to nearest-neighbor

ferromagnetic coupling strength. Remarkably, when next-nearest neighbor coupling is introduced (i.e., J2 =
1), the resulting nonintegrable “zigzag” chain (which remains in the quantum Ising universality class) supports
persistent oscillations. In this “zigzag” quantum Ising chain (which can be implemented with only nearest-neighbor
couplings on a zigzag ladder; see Fig. 1), topological defects (dressed kinks—fermionic Bogoliubov quasiparticles
that appear below the critical transverse magnetic field) give rise to tightly bound Cooper pairs as the lowest
branch of excitations. The oscillation frequency of the Cooper-pair condensate depends on the binding energy gap
between paired and unpaired defects, allowing it to be excited by resonant driving. While one might expect the
integrability-breaking “zigzag” coupling J2 to induce relaxation, the oscillations we identify persist indefinitely—
once excited, they show no signs of decay. In our simulations, their longevity appears limited only by numerical
accuracy. This oscillation of the Cooper-pair condensate of kinks is a manifestation of quantum coherence and
should be experimentally accessible.

Fig. 1: Persistent coherent oscillation in the zigzag Ising chain compared and contrasted with the decaying post-
KZM oscillations after a quench into the ferromagnetic phase. Top: The KZ ramp crossing the critical point at
gc = 2.47725 to end in the ferromagnetic phase at nonzero g = 0.5. The inset shows the zigzag ladder. Bottom:
Rescaled transverse magnetization ⟨σx

n⟩− ⟨σx
n⟩GS during the ramp as a function of time, where ⟨σx

n⟩GS is its value
in the adiabatic ground state and ξ̂ =

√
τQ is the KZ length. Its oscillation amplitude suddenly increases in the

middle of the ferromagnetic phase near g0 = 1.12.
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Challenges in Quantum Spectral Shearing Interferometry
for Measurement of Narrow-Bandwidth Pulses

K. Mielczarek*1, F. Sośnicki1,2, M. Karpiński1
1Faculty of Physics, University of Warsaw, Pasteura 5, 02-193 Warszawa, Poland

2Faculty of Physics, University of Paderborn, Warburger Str. 100, 33-098 Paderborn, Germany

Narrow-bandwidth single-photon pulses with durations ranging from a few to a few dozens of picoseconds
are an important tool in quantum communication and quantum sensing. Some of the benefits of such pulses
include low dispersion dependence and the ability to effectively match the absorption lines of broadband quantum
memories. Quantum networks can also use picosecond single-photon pulses emitted by quantum dots, which serve
as a convenient on-demand single-photon source. However, the narrow spectral bandwidth of such pulses makes
their characterization challenging. In this work, we examine whether Spectral Phase Interferometry for Direct E-
field Reconstruction (SPIDER) can be used for this purpose. We investigate the limitations and advantages related
to this method by working with the telecom wavelength classical light with the ultimate goal of transferring our
research to the single-photon counting regime. We propose using the Shaper-Assisted Collinear (SAC) SPIDER to
increase the accuracy of the setup.

SPIDER is a well-established technique for spectral phase retrieval, based on interfering two copies of a pulse
with a relative temporal delay and spectral shift (shear). The captured interferogram provides information about
the SPIDER phase – the spectral phase derivative – which enables characterization of the electric field of the pulse.
The accurate characterization of broadband single-photon pulses using electro-optic SPIDER was demonstrated in
[1]. The setup used in this approach, which is also the architecture of our choice, was fully fiber-based, minimizing
phase variations due to environmental factors and making it ideal for long acquisition photon counting.

Before moving into the quantum regime, we successfully measured spectral phases of classical pulses at 1550
nm wavelength with a spectral width of 1.5 nm and identified several challenges in further reducing this value.
Polarization crosstalk introduces low-intensity pre-pulses, which cause shear-independent rapid oscillations in the
SPIDER phase. Measuring narrower pulses requires reducing the shear, which in turn lowers the amplitude of
the measured SPIDER phase. Since the noise level remains constant, the signal-to-noise ratio decreases. This
source of noise has been modeled and identified as the key limitation of SPIDER in the narrow-bandwidth regime.
However, challenges also arise in the time domain, where spectrally narrow pulses have long time durations. This
makes filtering out pre-pulses impossible and complicates the application of a homogeneous spectral shift.

Additionally, accurately measuring the spectral shift – close to resolution of the spectrometer – becomes prob-
lematic. To overcome this challenge, we suggest using the Shaper-Assisted Collinear (SAC) SPIDER method [2].
In this setup, the temporal delay is introduced via a sinusoidal intensity filter applied by an optical pulse shaper.
We propose to kill two birds with one stone and use the pulse shaper to introduce an additional known parabolic
spectral phase. By comparing the captured SPIDER phase with the known input, the shear value can be determined
with high accuracy, which is not achievable through direct measurement.

A key limitation of SAC SPIDER is the maximum delay before distortion occurs (40 ps in our case), although
state-of-the-art technology could, in principle, extend this over 5 times. This would enable the characterization
of very spectrally narrow single-photon pulses, which are used for encoding information in standard quantum
memories [3]. Research in this area is ongoing, but we anticipate that SAC SPIDER may also offer additional
benefits, including: 1. Reduced pre-pulse amplitude, as polarization degrees of freedom are no longer used. 2.
Simplified implementation. 3. Improved phase stability due to the collinearity of the system.

We believe that with further refinements, electro-optic SAC SPIDER could become a powerful tool for charac-
terizing narrow-bandwidth single-photon pulses.
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Emission from driven atoms collectively strongly coupled to an optical
cavity

V. R. Thakar*, Arun Bahuleyan, V. I. Gokul, S. P. Dinesh, S. A. Rangwala
Raman Research Institute, C. V. Raman Avenue, Sadashivanagar, Bangalore 560080, India

The study of driven atoms coupled to cavities has focused on either the single-atom-cavity strong coupling regime
or the bad-cavity limit [1,2]. However, between these well-explored domains lies an exciting and richly complex
intermediate regime, where a large ensemble of atoms collectively interacts with a cavity, unlocking a host of novel
physical phenomena and applications.
Our group has demonstrated minimal destruction detection techniques for atoms, ions and molecules by leveraging
these collective interaction effects on vacuum Rabi splitting and cavity enhanced electromagnetically induced
transparency [3-7]. Remarkably, when such a collectively interacting atoms-cavity system is driven, one can
observe self-sustained emission from the cavity despite the lack of any direct input to the cavity mode [8-10].
Exploring the statistical properties and mechanisms of this cavity emission holds potential for creating bright
sources of identical-photon pairs, enabling lossless state detection, ultra-narrow linewidth transitions for atomic
clocks and developing cavity-based quantum technologies [11-13].
Here, we present a detailed study of cavity emission from a large ensemble of driven atoms in collective strong
coupling with an optical cavity. The cavity emits light over a broad range of atom-cavity and drive laser detunings.
Second-order correlation measurements (g(2)(τ)) reveal unexpected features in the cavity emission, including (a)
damped oscillations at two distinct frequencies and (b) significantly different g(2) values for different polariza-
tion components. Measurements indicate the presence of two separate, polarization-decoupled mechanisms with
distinct photon statistics, which transfer energy from the drive field to the cavity field. The statistical properties
and underlying mechanisms of cavity emission explored in this work may help extend non-destructive detection
techniques into the collective strong coupling regime.
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Polarization-entangled Spectral Vector Photons
Niladri Modak*, Lea Kopf, Robert Fickler

Tampere University, Photonics Laboratory, Physics Unit, Tampere, FI-33014, Finland

Light without a uniform polarization structure is often termed as an optical vector field. Popular examples are
structured light fields where the polarization varies across transverse spatial degree of freedom, the so-called spatial
vector beams, where radially or azimuthally polarized beams are prime examples. In addition a lot of attention
has also been put towards structuring vectorial light fields over its temporal or spectral extend, resulting in a
polarization that varies over the pulse duration or frequency spectrum. The complex combination of all degrees
of freedom is called high-dimensionally structured light or simply structured light [1,2]. In the quantum domain,
structuring the shape of single photons has been studied, e.g., in applications such as high-dimensional quantum
communications, simulations, imaging, or quantum metrology, to name a few.

In this work, we explore single photons with complex polarization patterns across the frequency spectrum,
which we call spectral vector photons (SVPs) in analogy to their classical counterparts [3]. We further show that
these patterns can be entangled with the polarization of their partner photon, allowing a remote preparation of their
complex spectral shape.

Fig. 1: Experimental observation of SVP. (a) Experimental setup. M: mirror, H: half waveplate, PBS: polarizing
beam splitter, BP: 1560 nm bandpass filter, Q: quarter waveplate, BBO: Beta Barium Borate crystal. Spectral
profile of idler SVP at different polarization projections corresponding to (b) diagonally and (c) anti-diagonally
polarized signal photons. The retrieved spectral variation of polarization is illustrated by the polarization ellipses.

In the experiment, we generate polarization entangled photon pairs from a Type-I periodically poled Lithium
Niobate (ppLN) crystal placed in a Sagnac interferometer for spontaneous parametric down conversion (see Fig. 1
(a)). The crystal is pumped with a 780 nm pulsed laser (∼ 200 fs pulse-width, 80 MHz repetition rate) and produces
polarization-entangled photon pairs at 1560 nm with the polarization state being 1/

√
2(|Hs⟩ |Hi⟩ + |Vs⟩ |Vi⟩)

where H/V corresponds to horizontal/vertical polarization of the two down converted photons – signal (s) and
idler (i). The idler photon is passed through a birefringent Beta Barium Borate (BBO) crystal followed by a
quarter waveplate (Q1), which introduces a delay τ between right (Ri) and left (Li) circularly polarized parts
of the photon. This temporal configuration leads to an SVP depending on the initial polarization state of the
idler photon and, thus, on the polarization of its signal partner photon through the virtue of entanglement. For
example, for a signal photon found in diagonal polarization Ds, the idler photon will have a spectrally varying
polarization state 1/

√
2(|Ri⟩ + eiπcτ/λ |Li⟩). Different polarization states of the signal lead to different initial

polarizations of the idler and therefore results in different polarization structures of the SVP. The spectral profile
of this photon is experimentally captured using the dispersive Fourier transformation by a 10 km long fiber. We
retrieve its polarization structure using polarization tomography implemented through waveplates (Q2, H2) and a
polarizing beam splitter (PBS2). The experimentally obtained spectra for different polarization projections and the
resulting spectral evolution of the polarization state are depicted in Fig. 1 (b) with the signal projected in diagonal
polarization. Projecting the signal photon on anti-diagonal polarization leads to a reversed polarization evolution
in the spectrum of the corresponding idler SVP (see Fig. 1 (c)). To prove the entanglement between signal
polarization and the polarization structure of SVP, we further confirm that each frequency of the SVP individually
violates a Bell inequality.

Our work paves the way for multi-dimensional structured quantum photonics and will find potential application
in quantum spectroscopy or other sensing tasks.
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Quantum Sensing of Exotic Spin Interactions with a Spinor BEC
Comagnetometer

W. Zhou*1,2, G. Łukasiewicz 3,4, B. Soria Pastor 1, Z. Sargianni 1, E. Aybar 1, A. Sierant 1,
M. W. Mitchell1,5
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2IFAE – Institut de Fı́sica d’Altes Energies, Campus UAB, 08193 Bellaterra (Barcelona), Spain
3Marian Smoluchowski Institute of Physics, Jagiellonian University, 30-348 Kraków, Poland

4Doctoral School of Exact and Natural Sciences, Jagiellonian University, 30-348 Kraków, Poland
5ICREA – Institució Catalana de Recerca i Estudis Avançats, 08010 Barcelona, Spain

We present a quantum-noise-limited comagnetometer platform based on a single-domain spinor Bose-Einstein
condensate (sBEC), optimized to search for spin-dependent forces such as spin-gravity and axion-like particle
(ALP) interactions. This platform builds upon a magnetometry demonstration with record energy resolution per
bandwidth ER = 0.075 (16) h̄, corresponding to a single-shot sensitivity of 72 (8) fT in a 1091 (30)µm3 volume
over 3.5 s (Fig. 1a) [1]. This performance results from the fully-coherent, ultracold nature of the sBEC, which
avoids the density vs. coherence trade-off common to conventional spin-precession sensors [1, 2]. We model the
quantum noise dynamics using the truncated Wigner approximation, incorporating interaction-induced spin shear-
ing, atomic loss, and quadratic Zeeman shifts.

Building on the magnetometer’s demonstrated performance, we estimate the projected sensitivity of the comagne-
tometer using its measured noise characteristics, as shown in Fig. 1b. The comagnetometer configuration enables
differential measurements that reject magnetic field noise while maintaining sensitivity to exotic spin couplings.
These projections are based on a spin-dependent interaction generated by ALP exchange, which gives rise to a
monopole-dipole potential between unpolarized and polarized fermions [3]. Under this assumption, the comagne-
tometer would improve existing laboratory limits on ALP-mediated monopole-dipole couplings to protons by up
to six orders of magnitude [4]. This platform enables precision searches for fundamental spin interactions at short
ranges, offering a new path to probe physics beyond the Standard Model.

(a) (b)

Fig. 1: Sensitivity and science reach of the sBEC comagnetometer platform. (a) Demonstrated energy reso-
lution of the sBEC magnetometer (green), surpassing all other reported sensors in volume-adjusted noise [1]. (b)
Projected reach for ALP-mediated spin-dependent forces coupling to protons, adapted from [4], with added sBEC
comagnetometer sensitivity curves based on its measured noise performance. The orange curve assumes a tungsten
source at 100µm; the violet curve models the Earth as the source.

References
[1] S. Palacios Alvarez et al., Proc. Natl. Acad. Sci. U.S.A. 119, e2115339119 (2022).
[2] M. W. Mitchell and S. Palacios Alvarez, Rev. Mod. Phys. 92, 021001 (2020).
[3] J. E. Moody and F. Wilczek, Phys. Rev. D 30, 130 (1984).
[4] M. S. Safronova et al., Rev. Mod. Phys. 90, 025008 (2018).

*Corresponding author: Wenjing.Zhou@icfo.eu

Tue – 31 



Po
st

er
 s

es
si

on
s

Quantum Optics XI:   1 - 5 September 2025

— 145 —

Tuesday

Quantum Optics XI
Coherence, entanglement, and superradiance

Nur Fadhillah binti Rahimi*1,2, Daniel Schumayer 3, David A.W. Hutchinson1,2,4

1Dodd-Walls Centre for Photonics and Quantum Technology
2Department of Physics, University of Otago, Dunedin, New Zealand
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4Centre for Quantum Technologies, National University of Singapore, Singapore

In 1954 Robert Dicke proposed a novel description of spontaneous light emission in a system of particles coupled to
an electromagnetic field [1]. Prior to this, the concept of light emission had been described as radiation of photons
emitted by independent particles. This approach is indeed justified if the typical distance between emitters is larger
than the wavelength of emitted light waves. However, if the close proximity of emitters cannot be neglected, as
Dicke argued, spontaneous light emission is better described as a collective phenomenon of particles, which are
correlated with one another since they are influenced by each other’s radiation field.

Since the emitters are initially prepared in their excited state, they would eventually decay into ground state at a
certain rate as the system evolves. If the emitters evolve independently, then the decay rate is proportional to the
number of emitters, N . In contrast, Dicke’s picture deduces that the collective behavior of the emitters leads to
their decay to scale at a rate of N2, resulting in ‘superradiance’, a term introduced to characterise the sudden burst
of emitted light.

Building upon our previous work [2] we investigate the correlations of spin-12 emitters coupled to a single bosonic
mode whose time-evolution is governed by Tavis-Cummings hamiltonian [3]

H = hemitters + hinteraction + hphotons =
N∑
i=1

1
2ωqσ

z
i + g

N∑
i=1

(
σ+
i α+ σ−

i α
†)+ ωcα

†α,

where ωq is the resonance frequency of a two-level emitter, g is the coupling strength, while ωc is the angular
frequency of the emitted photon. We treat this as an open quantum system subject to decay, photon loss and
pure dephasing at rates γ, κ and γϕ, respectively. We solve the Lindblad quantum master equation to evolve the
system in time, and measure correlation through an entanglement witness, W , relative coherence, Crel and the von
Neumann entropy, S. We investigate whether Dicke’s picture on superradiance is valid., i.e., does the correlation
of emitters enhance spontaneous light emission?
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Fig. 1: (left) The superradiance
〈
σ+
i σ

−
j

〉
is shown as a function of time. (middle) The time evolution of entangle-

ment witness, W is depicted. (right) The relative coherence, Crel is plotted for the same duration as in the left and
middle graphs. Blue solid lines correspond to N = 2, while the dashed orange lines represent N = 4. The other
common parameters are: g = 1, γ

g = 0.0, κ
g = 0.1, and γϕ

g = 0.0225.
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Spin noise spectroscopy of an alignment-based atomic magnetometer
M. Koźbiał*1, L. Elson2, L. M. Rushton1, A. Akbar1, A. Meraki1, K. Jensen1, J. Kołodyński2

1Centre for Quantum Optical Technologies, Centre of New Technologies, University of Warsaw, Banacha 2c, 02-097
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Optically pumped magnetometers (OPMs) are revolutionizing the task of magnetic-field sensing due to their ex-
tremely high sensitivity combined with technological improvements in miniaturization which have led to compact
and portable devices. OPMs can be based on spin-oriented or spin-aligned atomic ensembles which are spin polar-
ized through optical pumping with circular or linear polarized light, respectively. Characterization of OPMs and
the dynamical properties of their noise is important for applications in real-time sensing tasks. In our work, we
experimentally perform spin noise spectroscopy of an alignment-based magnetometer. Moreover, we propose a
stochastic model that predicts the noise power spectra exhibited by the device when, apart from the strong magnetic
field responsible for the Larmor precession of the spin, white noise is applied in the perpendicular direction aligned
with the pumping-probing beam. By varying the strength of the noise applied as well as the linear-polarization
angle of incoming light, we verify the model to accurately predict the heights of the Larmor-induced spectral
peaks and their corresponding linewidths. Our work paves the way for alignment-based magnetometers to become
operational in real-time sensing tasks.

Fig. 1: The light propagates through the atomic ensemble in the presence of a strong, static magnetic field B0. A
stochastic field Bnoise is applied along the direction of light propagation, and induces noise that disturbs the atomic
state from equilibrium. The light polarisation angle θ′ is measured. We predict properties of the noise-spectrum of
the signal.
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Impact of Temporal Fluctuations on Atom Interferometry
D. Derr*1, E. Giese1

1Technische Universität Darmstadt, Fachbereich Physik, Institut für Angewandte Physik,
Schloßgartenstr. 7, D-64289 Darmstadt, Germany

Quantum sensors based on atom interferometers achieve unprecedented sensitivity in inertial sensing, enabling
high-precision tests of gravitational interactions and quantum mechanics. Differential configurations, for instance,
probe the Einstein equivalence principle via dual-species acceleration comparisons [1], detect gravitational wave
signatures, and constrain couplings to physics beyond the Standard Model [2]. While single-photon transitions
intrinsically suppress laser phase noise [3], residual systematic uncertainties persist. Key challenges include time-
varying gravitational gradients and low-frequency temporal noise in ambient gravitational fields, which limit long-
term stability in terrestrial and space-based applications.

Including Standard-Model extensions like light, scalar fields such as dilaton fields into the description of the
interferometer and the internal dynamics of the atom, cf. Fig. 1, we identify the key signature of possible dark-
matter candidates [4], with direct applicability to gravitational-wave detection. Leveraging these findings, we
investigate temporal noise contributions from diverse sources in atom interferometry. To this end, we bring all
phase contributions on an equal footing, enabling direct comparisons with laser phase noise. By integrating local
noise profiles into the analysis, we enhance phase analysis and improve overall sensitivity. Furthermore, we
review current differential configurations [5] and systematically examine temporal noise across multiple origins,
highlighting pathways for mitigating its impact on precision measurements.

This work advances the understanding of temporal noise in atom-based quantum sensors, enabling improved
sensitivity and precision across diverse applications. By addressing temporal noise, we enhance the potential for
gravitational-wave detection, equivalence-principle tests, and dark-matter exploration.
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Fig. 1: The atomic energy levels oscillate due to the dilaton field ϱ with frequency ωϱ, affecting the ground
state (light green), excited state (blue), mean atomic mass (green), and energy difference between both states
(red). These oscillations depend on the mean coupling ε̄, differential coupling ∆ε to the dilaton, and mass defect
∆µ0 = ∆m0/m̄0, with implications for single-photon and Bragg-type schemes (∆µ0 = 0). The figure illustrates
four cases: general couplings (ε̄ ̸= 0 ̸= ∆ε), opposite couplings (ε̄ = 0), identical couplings (∆ε = 0), and the
Bragg case [4].
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Quantum Sensing with Tunneled Clocks
P. Schach*1, E. Giese1

1Technische Universität Darmstadt, Fachbereich Physik, Institut für Angewandte Physik,
Schloßgartenstr. 7, D-64289 Darmstadt, Germany

Ultracold gases represent a unique and versatile platform for a wide range of quantum sensing applications.
Atom interferometers utilize large spatial separation of a superposition of cold atomic clouds to facilitate precise
measurements of accelerations and inertial forces. At the same time, the inherent atomic structure serves as a
fundamental element for precise timekeeping, utilizing atomic transitions for precise time measurements. By
combining both external and internal degrees of freedom, novel applications and possibilities emerge.

The advent of ultracold clouds cooled below the Doppler limit enables coherent and precise manipulation of
external degrees of freedom. These systems play a crucial role for the investigation of tunneling physics, relying
on the manipulation and observation of the atomic motion. Furthermore, combining external and internal degrees
of freedom provides insights into tunneling times and associated phenomena.

In classical mechanics, a particle’s motion can be described by a well-defined worldline. In Quantum me-
chanics, however, such a description is not possible due to the inherent delocalization of quantum particles and
associated phenomena like tunneling. But still, there exist strategies to assign a time to tunneled particles: Focus-
ing on the arrival of the particle after tunneling leads to the arrival time [1] associated with a classical trajectory,
while investigating its duration within the classically forbidden region provides the dwell time [2, 3]. In contrast
to these definitions, we follow strictly an operational approach: Time is what you read off a clock.

In this contribution, we theoretically investigate the phase difference of tunneled quantum clocks [4] in various
differential measurements. We identify relativistic contributions accumulated by a tunneled quantum clock due
to time dilation and mass defect. In particular, we relate these contributions to a tunneling time and highlight the
relations to conventional approaches.

Fig. 1: To start the sequence, we create an equal superposition of two Ramsey clocks with opposite momenta ±p,
where one clock tunnels and the other serves as a reference. By performing a differential measurement, common
phase contributions are canceled and from the remaining phase the tunneling time can be deduced. Figure taken
from Reference [1].
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Robust Generation of N-Partite N-Level Singlet States by Identical
Particle Interferometry

Marcin Karczewski*1,2, Matteo Piccolini3,4, Andreas Winter5,6,7, Rosario Lo Franco3

1Institute of Spintronics and Quantum Information, Faculty of Physics and Astronomy, Adam Mickiewicz University, 61-614
Poznań, Poland
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3Dipartimento di Ingegneria, Università degli Studi di Palermo, Viale delle Scienze, 90128 Palermo, Italy

4Dipartimento di Fisica, Università di Pavia, Via Bassi 6, 27100 Pavia, Italy
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6Institute for Advanced Study, Technische Universität München, Lichtenbergstraße 2a, 85748 Garching, Germany

7QUIRCK—Quantum Information Independent Research Centre Kessenich, Gerhard-Samuel-Straße 14, 53129 Bonn,
Germany

We propose an interferometric scheme for the robust generation of totally antisymmetric N-partite N-level singlet
states using identical bosons. These states serve as valuable resources for quantum communication and metrology
applications, offering strong resilience against noise. Our approach employs a sequence of Fourier multi-ports
combined with coincidence measurements to probabilistically filter the desired output state. The successful prepa-
ration of the generalized singlet is determined by the anti-bunching behavior of bosonic particles at each stage of
the interferometer.

Our method is robust against local lossless noise and operates effectively even when the input state is a max-
imally mixed state. Unlike previous techniques that require quantum non-demolition (QND) measurements or
feedback mechanisms, our protocol enables exact singlet state generation through postselected interference effects
in multi-port beam splitters. Additionally, we present an implementation for the case of N = 3 that does not rely on
QND measurements, simplifying experimental realizations. Our findings extend previous results on two-particle
singlet generation to multipartite settings, highlighting the power of identical particle interference as a tool for
entanglement engineering.

References
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Electro-Optic Frequency Shift of Single Photons from a Quantum Dot
S. Kapoor*1, A. Rodek1, M. Mikołajczyk1, J. Szuniewicz1, F. Sośnicki1,2, T. Kazimierczuk1, P. Kossacki1,

M. Karpiński†1
1Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warszawa, Poland

2Integrated Quantum Optics, Institute for Photonic Quantum Systems (PhoQS), Paderborn University, Warburger Straße 100,
33098 Paderborn, Germany

There is increasing interest in multiplexing different semiconductor quantum dots (QDs) to create indistinguish-
able multi-photon states for advanced quantum applications, such as boson sampling, quantum communication,
and quantum networks. However, imperfections in the fabrication processes cause variations in QDs’ emission
wavelengths. Traditional in-situ wavelength tuning methods, based on, e.g., mechanical strain or temperature
adjustment, while effective, are difficult to scale and often require sample processing. We demonstrate active fre-
quency shifting of photons after they have been emitted from the QD using an electro-optic serrodyne frequency
shift [1, 2].

The experiment utilizes a commercially available QD chip from Sparrow Quantum, which features InAs QDs
embedded in a photonic crystal waveguide [3]. The QDs emit photons within the wavelength range of 920−940 nm
and are resonantly excited using a pulsed ps Ti:Sapphire laser. The emitted photons are then passed through an
electro-optic phase modulator (EOPM) driven by a sawtooth radio frequency waveform. This modulation induces
a deterministic frequency shift while preserving the temporal shape of the photons.
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Fig. 1: a) Quantum dot (QD) emission spectra. b) Time-histograms, g(2)(τ). c) Tunable spectral shift by varying
the modulation frequency. Points represent experimental data, while solid lines represent experimentally realistic
simulations. In all the plots a consistent color scheme is used: green trace indicates no frequency shift (EOPM
off), while red (blue) represents downward (upward) frequency shift.

The spectra before and after the frequency shift are shown in Fig. 1(a), where a clear spectral shift can be
observed. The measured frequency shift is ±3.5 GHz (±0.01 nm). The experimentally determined purity of
the source is 88.3%. The second-order correlation function g(2)(0) values for unshifted, red-shifted, and blue-
shifted photons remained consistent within experimental uncertainties, as displayed in Fig. 1(b). By adjusting the
modulation frequency, the spectral shift was demonstrated to be tunable, as illustrated in Fig. 1(c). Additionally,
Hong-Ou-Mandel interference experiments showed that the electro-optic frequency shift preservers the indistin-
guishability.

In summary, we demonstrate a robust method for achieving stable and tunable spectral shifts of single photons
emitted by QDs using electro-optic phase modulation. This approach preserves the purity and indistinguishability
of the photons. The deterministic and scalable nature of this technique makes it a promising solution for various
applications in quantum photonics.
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A High-Data-Rate Fermionic Quantum Simulator in Optical Lattices
L. Qiu*1,2, A. v. Haaren1,2, R. Groth1,2, J. Qesja1,2, L. Muscarella1,2, T. Franz1,2, T. Hilker3,1, I. Bloch1,2,4,

P. Preiss1,2
1Max Planck Institute of Quantum Optics, Garching, Germany

2Munich Center for Quantum Science and Technology, Munich, Germany
3University of Strathclyde, Glasgow, UK

4Ludwig Maximilian University of Munich, Munich

The study of strongly correlated fermionic systems lies at the core of some of the most interesting problems in mate-
rial science, quantum chemistry, and particle physics; however, simulating many fermions presents an outstanding
computational challenge — even with qubit-based quantum computers of near-term architectures. Fermionic quan-
tum simulators, where fermionic statistics are built-in on a hardware level, offer a promising alternative. Here, we
present recent results from our new quantum gas microscope of fermionic lithium in optical lattices. Leveraging a
compact chamber design, deep optical trap loading, and rapid cooling, we accelerate state preparation to achieve
high data rates. Our system features robust single-site, spin-resolved detection, which enables the extraction of
a wealth of information for the analog simulation of the Fermi-Hubbard model. Additionally, with the develop-
ment of single-fermion gates via addressed Raman rotations and two-fermion gates through controlled collisions
in optical superlattices, we aim to pave the way toward fermionic quantum information processing.
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Broadband cavity-ringdown spectroscopy with comb-based Fourier-
Transform Spectrometer 

Romain Dubroeucq 1, Dominik Charczun 2, Lucile Rutkowski†1 and Piotr Masłowski*2,  
1. Université Rennes, CNRS, IPR (Institut de Physique de Rennes)-UMR 6251, F-35000 Rennes, France 

2Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Torun, 
 ul. Grudziadzka 5, 87-100 Torun, Poland  

 

Cavity-ringdown spectroscopy (CRDS) is a well-established  technique in modern spectroscopy, 
known for its exceptional sensitivity and distinctive features like calibration-free operation and 
resilience to fluctuations in light intensity. These advantages enable precise detection of weak 
absorption lines. However, conventional continuous-wave (cw) laser-based approaches often involve 
sequential acquisition of spectral elements, which makes experimental data determination prone to 
temperature variations in the sample and extends acquisition times. This limitation highlighted the 
need for a broadband, parallel acquisition method capable of delivering multiplexed spectra with 
equivalent resolution and sensitivity. 

The initial broadband CRDS demonstration was conducted by Engeln and Meijer [1], utilizing pulsed 
dye lasers alongside step-scan time-resolved Fourier transform spectrometers. Despite this 
advancement, challenges in resolution and acquisition time restricted wider adoption. Later, Thorpe 
et al. [2] introduced the use of optical frequency combs for broadband CRDS, refining spectral 
photography approach with improved sensitivity. In 2022, two innovative techniques emerged to 
enhance resolution and speed: combining CRDS with dual-comb interferometric detection [3], and 
employing time-resolved Fourier transform spectroscopy using a single optical frequency comb [4]. 
Very recently Liang et al. [5] demonstrated a related method with mid-infrared experiments. 

This work introduces an approach based on direct frequency comb Fourier transform spectroscopy, 
inspired by Dubroeucq and Rutkowski [4], with updates incorporating recent advancements [6]. Key 
improvements include a redesigned frequency stabilization method allowing extended extinction of 
comb light without losing the comb-cavity lock. A cw-laser serves as an intermediary between the 
comb and the cavity. 

The experimental setup's performance was validated through absorption measurements of CO mixed 
with Ar, showcasing high signal-to-noise ratios and confirming the impact of speed-dependent 
effects on absorption line profiles. 
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Quantum Optics XI
Relativistic effects and compensation of initial conditions in atom

interferometers
C. Niehof*1, D. Derr1, E. Giese1

1Technische Universität Darmstadt, Fachbereich Physik, Institut für Angewandte Physik, Schlossgartenstr. 7,
D-64289 Darmstadt, Germany

Light-pulse atom interferometry with quantum gases is used in high-precision metrology for quantum-based iner-
tial sensing and fundamental physics tests in ground-based laboratories as well as in space. Their current use covers
over a wide range of topics such as measuring gravitational acceleration, gravitational gradients, rotation as well
as measuring the fine structure constant [1], testing Einstein’s equivalence principal [2], or searching for physics
beyond the Standard Model. Nowadays, there are even ambitious proposals for gravitational-wave and dark-matter
detectors using light-pulse atom interferometers, where some prototypes are already under construction [3].

To achieve sufficiently high precision for these kinds of experiments, a large spacetime area must be covered
by the interferometer, relying either on advanced techniques like large momentum transfer or on long interrogation
times during the free propagation period of the interferometer. Both approaches lead to large spatial arm separation
of a two-arm-interferometer and raise the question whether the finite propagation times of light pulses [3] between
the two arms become important as seen in figure 1. All relativistic effects of similar order have to been taken into
account for a consistent analysis of the total interferometric phase.
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Fig. 1: Two interferometer arms are plotted on the left hand side. In the case of infinite speed of light, the laser
interacts simultaneously with both interferometer arms. Thus, the state response functions Λ(t), telling whether
the atom is in the ground (−1/2) or excited (+1/2) state, change values at the same time on the right hand side. In
the case of finite speed of light, the interaction of the light with the atoms is delayed by some arm dependent time.

Therefore, the mass defect of an atom between the ground state and the excited state has to be considered as
well. It leads to different Compton frequencies depending on the internal state of the atom and thus to a shift of the
interferometric phase. The third considered effect deals with the gravitational effect on the diffracting light beam
as well as the gravitational acceleration of the atom. The latter requires chirping the diffracting laser frequencies in
order to be on resonance with the atomic transition during the entire interferometric sequence and to compensate
for the Doppler shift induced by the gravitationally accelerated atom.

All effects are discussed within a single framework that is independent of the explicit geometry of the two-
arm-interferometer and the diffraction mechanism used. The resulting expression is applied to a gravimeter in the
Mach-Zehnder-interferometer for single-photon, Bragg- and Raman-two-photon-transitions, respectively. In the
case of transitions on resonance and chirping, where gravity is perfectly canceled, we give exact expressions for the
observed interferometric phase shift and show that the effect of the finite speed of light is suppressed. Furthermore,
we present a compensation method for the remaining dependence on the initial velocity of the atomic cloud.
References
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Improving the Entanglement Fidelity for a 40Ca+ Quantum Node
M. Cai1, S. Sawarn1, J. Phillips2,3, J. Bate1, S. Bhadade1, M. Jia1, B.P. Lanyon1, Hartmut Häffner*2,3,

T.E. Northup†1,
1Institut für Experimentalphysik, Universität Innsbruck, 6020 Innsbruck, Austria

2Department of Physics, University of California, Berkeley, CA 94270, USA
3Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

Entanglement between remote quantum systems is a cornerstone for distributed quantum computing and quantum
networks. The ion-cavity system is a promising candidate for achieving remote entanglement, as it combines the
long coherence times of ions with a highly controllable photonic interface. In 2023, we reported entanglement
between two 40Ca+ ion-cavity systems separated by 230 m [1]. In that work, entanglement between an ion’s
electronic state and a photon’s polarization state was generated via a bichromatic Raman scheme involving the
transitions 42S1/2 ↔ 42P3/2 ↔ 32D5/2 [2], as depicted in Fig. 1(a). However, the entanglement fidelity was
limited due to single-photon distinguishability caused by the scattering of the ion back to its initial state. To
overcome this limitation, we propose a Raman scheme in which the initial state is chosen as 32D3/2, as illustrated
in Fig. 1(b). By selecting this initial state, we reduce the probability of decaying back to the original state compared
to the previous scheme. Through simulations, we show that this scheme significantly suppresses the detrimental
effects of scattering on single-photon indistinguishability and improves the entanglement fidelity between two
40Ca+ ion-cavity systems.

Fig. 1: (a) Energy-level diagram of the Raman scheme from Refs. [1,2]. A bichromatic 393 nm Raman pulse
(blue arrows) with Rabi frequencies Ω1, Ω2 and detunings ∆1, ∆2 couples state |S1/2,mj = −1/2⟩ to states
|D5/2,mj = −5/2⟩ and |D5/2,mj = −3/2⟩ via two cavity polarization modes H and V , generating a single
cavity photon. (b) The Raman scheme discussed here. A bichromatic pulse couples state |D3/2,mj = −1/2⟩ to
states |D5/2,mj = −5/2⟩ and |D5/2,mj = −3/2⟩ to suppress the scattering effect.

References
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PT symmetry breaking in 129Xe under complex gradients
L.M. Ellis*1, M. Jayaseelan2, V. Guarrera2, G. Quick3, B. Steele3, L. M. Rushton1, J. D. Zipfel1, P.

Bevington1, W. Chalupczak1

1National Physical Laboratory, Hampton Road, Teddington, TW11 0LW, United Kingdom
2School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom

3INEX Microtechnology Ltd., Herschel Annex, Kings Road, Newcastle upon Tyne, NE1 7RU, United Kingdom

Miniature, wafer-fabricated vapour cells offer an interesting platform to study Parity-Time (PT) symmetry-breaking
in 129Xe spectra, where interactions with a dense, optically polarised Cs vapour and N2 buffer gas produce novel
effects. In spatially homogeneous conditions, the Bloch-Torrey equation, which governs the diffusive motion of
129Xe spins, is PT symmetric. Its stationary solution gives a set of delocalised modes with the same frequency and
distinct relaxation rates. Past some critical inhomogeneity, which defines an exceptional point (EP), the system
transitions to a symmetry-broken state; the relaxation rates are now degenerate, and the frequencies are distinct
[1]. Previous realisations of PT symmetry breaking in diffuse atomic systems have used external coils to introduce
linear magnetic field gradients [2]. In our work, novel complex gradients in magnetic field and relaxation rate are
created through inhomogeneous polarisation of Cs. This offers a series of parameters, including vapour tempera-
ture, pump power and buffer gas pressure, to tune the system between the symmetric and asymmetric phases. We
systematically study these parameters and offer regimes where the symmetry-broken modes can be exploited to
enhance system performance for application to a range of quantum technologies.
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Efficient excitation of a three-level atom by a propagating two-photon field

Masood Valipour1, Gniewomir Sarbicki1, Karolina Słowik1, Anita Dąbrowska2
1Institute of Physics, Faculty of Physics, Astronomy and Informatics,

Nicolaus Copernicus University, Grudzia̧dzka 5/7, 87–100 Toruń, Poland
2Institute of Theoretical Physics and Astrophysics,
Faculty of Mathematics, Physics and Informatics,

University of Gdańsk, Wita Stwosza 57, 80–308 Gdańsk, Poland

We considered the problem of optimal excitation of a three-level atom of ladder configuration by propagating light in
the two-photon state [1]. The applied atom-light interaction model is based on the Wigner-Weisskopf approximation.
Thus the model is formulated within the following assumptions: a flat coupling constant, rotating wave approximation,
and the extension of the lower limit of integration over frequency to minus infinity [2, 3]. We analyze the probability
of two-photon absorption by the atom using the analytical formula determined in [4] that was obtained by making use
of quantum trajectories [2, 5]. We characterized the properties of the optimal two-photon state that excites an atom
perfectly, i.e. with probability equal to one. The spectro-temporal shape of the optimal state of light is determined
by the lifetimes of the atomic states, with the degree of photonic entanglement in the optimal state depending on
the lifetime ratio. In consequence, two distinct interaction regimes can be identified in which the entanglement of the
input state of light has a qualitatively different impact. We show that photon entanglement plays a fundamental role
in the optimal excitation of a system by two-photon light.

As the optimal states may be challenging to prepare in general, we compare the results with those obtained for
photon pairs that can be generated in the laboratory. We optimize the parameters of these two-photon light states to
achieve the maximum probability of two-photon absorption for the atomic system. We present the role of entanglement
and resonances in the atom excitation process, and show how destructive and constructive light interference affects
excitation of the atom. Part of the obtained results has already been published and presented in [6]

[1] R. Loudon, The Quantum Theory of Light, third edition, (Oxford University Press, Oxford, 2000).
[2] C. W. Gardiner, P. Zoller, Quantum noise, Springer-Verlag, Berlin-Heidelberg (2010)
[3] M. O. Scully, M. S. Zubairy, Quantum Optics, Cambridge University Press, Cambridge (1997)
[4] A. Dąbrowska, G. Sarbicki, Quantum trajectories and output field properties for two-photon input field, arXiv:2409.07428
[5] H. M. Wiseman, G. J. Milburn, Quantum measurement and control, University Press, Cambridge (2010)
[6] M. Valipour, G. Sarbicki, K. Słowik, A. Dąbrowska, Optimization of two-photon absorption for a three-level atom, Phys.
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Stabilization of spin mixtures and sub-microsecond Feshbach resonance
probing in dipolar Bose gases

M. Lecomte1, A. Journeaux1, J. Veschambre1, J. Dalibard1, R. Lopes*1

1Laboratoire Kastler Brossel, Collège de France, CNRS, ENS-Université PSL, Sorbonne Université, Paris, France

Mixtures of ultracold gases with long-range interactions are expected to open new avenues in the study of quantum
matter. Natural candidates for this research are spin mixtures of atomic species with large magnetic moments.
However, the lifetime of such assemblies can be strongly affected by the dipolar relaxation that occurs in spin-flip
collisions. Here we present experimental results for a mixture composed of the two lowest Zeeman states of 162Dy
atoms, that act as dark states with respect to a light-induced quadratic Zeeman effect. We show that, due to an
interference phenomenon, the rate for such inelastic processes is dramatically reduced with respect to the Wigner
threshold law. Additionally, we determine the scattering lengths characterizing the s-wave interaction between
these states, providing all necessary data to predict the miscibility range of the mixture, depending on its dimen-
sionality [1].

Moreover, we exploit this spin-dependent light shift to achieve precise control and manipulation of Feshbach
resonances on sub-µs timescales. This approach enables us to directly displace and probe resonance features
with unprecedented temporal resolution. In particular, loss features in Feshbach resonances stem from three-body
recombination processes, where two particles form a dimer that relaxes to a lower bound state via interactions with
a third auxiliary particle. Following a quench of the s-wave scattering length, this process is amplified by the rapid
emergence of three-body correlations occurring over short timescales. By capturing the early onset of these losses,
our technique provides valuable insights into the non-equilibrium dynamics of the strongly interacting Bose gas.
Additionally, it enables precise measurements of dimer energies associated with the intricate Feshbach spectrum
of 162Dy, both below and above the scattering threshold [2].

Raman
 1

Raman
 2

Fig. 1: Left: Tensorial polarizability of dysprosium used to generate spin-dependant light shifts. Top right: the spin-dependant
light shifts introduces an effective quadratic Zeeman effect. The transition between the two lowest Zeeman sublevels, that are
dark states, can then be addressed by a Raman transition to produce a spin mixture. Bottom right: the energy of the bound state
of a Feshbach resonance’s closed channel can be shifted by the spin-dependant dressing, thereby shifting the resonance’s pole
in magnetic field. The loss feature associated with a Feshbach resonance is shifted in presence of the laser beam.
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[2] M. Lecomte et al, in preparation.
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Quantum Optics XI
Building a Quantum Gas Microscope

for Simulation with Programmable Optical Lattices
S. Waddington*1, Isabelle Safa1, Tom Schubert1,Rodrigo Rosa-Medina1,2,Julian Léonard1,2

1TU Wien, Atominstitut, Vienna Center for Quantum Science and Technology (VCQ), Austria
2Institute of Science and Technology Austria (ISTA)

Ultracold atoms in optical lattices offer a versatile platform for simulating and probing strongly correlated quan-
tum matter. While quantum gas microscopy techniques have enabled unprecedented single-site resolution, some
of the remaining challenges of the field are still posed by rigid lattice configurations and slow cycle times.

Here, we present our ongoing efforts to tackle these issues by designing and building a next-generation quan-
tum gas microscope for fermionic and bosonic lithium atoms. Our approach relies on atom-by-atom assembly
in small lattice systems by means of auxiliary optical tweezers, combined with all-optical cooling techniques to
facilitate sub-second experimental cycles. The holographic projection of a blue-detuned, short-spacing lattice will
provide reconfigurability and fast dynamics, leading to diverse research avenues for our new project, from the sim-
ulation of phases of matter predicted by the Fermi- and Bose-Hubbard model to topological phases and frustrated
systems with unconventional lattice shapes.

*Corresponding author: sarah.waddington@tuwien.ac.at
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2Institute of Physics, Nicolaus Copernicus University in Toruń, Grudziadzka 5/7, 87-100 Toruń, Poland

The dressed atom approach provides a tool to investigate the dynamics of an atom-laser system by fully re-
taining the quantum nature of the coherent mode. In its standard derivation [1], the internal atom-laser evolution
is described within the rotating-wave approximation, which determines a doublet structure of the spectrum and
the peculiar fluorescence triplet in the steady state. However, the rotating wave approximation may fail to ap-
ply to atomic systems subject to femtosecond light pulses, light-matter systems in the strong-coupling regime or
sustaining permanent dipole moments.

This work aims to demonstrate how the general features of the steady-state radiative cascade are affected by
the interaction of the dressed atom with propagating radiation modes [2]. We will analyze how these features
depend on the parameters characterizing the dressed eigenstates in arbitrary atom-laser dynamics, given that a set
of general hypotheses is satisfied. We will clarify the general conditions in which a description of the radiative
cascade in terms of transition between dressed states is self-consistent. We will provide a guideline to determine
the properties of photon emission for any atom-laser interaction model, which can be particularly relevant when
the model should be tailored to enhance a specific line. The general results will be applied to the case in which
a permanent dipole moment acts as a source of low-energy emission, whose frequency is of the order of the Rabi
coupling [3].

References
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[2] Francesco V. Pepe, & Karolina Słowik, Dressed atom revisited: Hamiltonian-independent treatment of the radiative cas-
cade, Physical Review Letters, 133(8), 083603 (2024)
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Thu – 2 Self-nulling 2D biplanar coils for cold atom magnetometry
B. Soria Pastor*1, Z. Sargianni1, W. Zhou1,2, N. Lundblad1,3, A. Sierant1, M. W. Mitchell1,4

1ICFO - The Institute of Photonic Sciences, Castelldefels (Barcelona), Spain
2IFAE - Institut de Fı́sica d’Altes Energies, Barcelona, Spain

3Bates College, Lewiston, Maine, USA
4ICREA - Institució Catalana de Recerca i Estudis Avançats, Barcelona, Spain

Spinor Bose-Einstein condensates (SBECs) are ideal candidates for high-spatial-resolution optical magnetom-
etry, demonstrating sensitivities of up to ∼ 50 fT/Hz1/2 at the few-µm scale [1-3]. In this work, we aim to study
the viability of shielding an SBEC comagnetometer with a layer of mu-metal to reduce magnetic field noise.

The first step towards an SBEC is a magneto-optical trap (MOT) which employs a spatially varying magnetic
field and six counter-propagating optical molasses beams to confine and cool the atoms down to the Doppler limit.
Most commonly, a pair of coils with counter-propagating currents in a so-called anti-Helmholtz configuration
produces the necessary magnetic field gradient. However, this is not a viable solution when the system is placed
inside a magnetic shield, as the stray field near the coils would polarize the mu-metal, making it ineffective. Instead,
we must design alternative current configurations with which the magnetic field is effectively nulled around the
coils [4].

We propose a configuration in which the current loops are confined to two parallel planes. The coils generate
the desired magnetic field gradient between the planes. Each plane features four openings, granting access to the
optical molasses beams. We have designed the current loops with bfieldtools [5] so that the field nulls out at a
distance from the center of the planes <2 the planes’ dimensions. Additionally, this current loop arrangement
gives freedom to optical access from different angles to additional optical beams used to probe, image, and trap
the atoms.

Fig. 1: Coil configuration. The desired magnetic field gradient between the planes, represented in A, is obtained by
the current loops shown in B. The optical molasses beams going through their respective holes are also represented
in A. An additional hole at the center of the plane grants further access to the SBEC, allowing for Stern-Gerlach or
time of flight measurements.

References
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(2022).
[3] P. Gomez, F. Martin, C. Mazzinghi D. Benedicto Orenes, S. Palacios Alvarez and M. W. Mitchell, Phys. Rev. Lett., 124,
170401 (2020).
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[5] A. J. Mäkinen, R. Zetter, J. Iivanainen, K. C. J. Zevenhoven, L. Parkkonen and R. J. Ilmoniemi J. Appl. Phys. 128, 063906
(2020).
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Thu – 3 Optically Connected Nuclear Spin Microprocessors
D.Imeri1,2, K. Beck1, N. Brinkmann1,2, L. Eggers1,2, S. K. Mahato1,2, R. Shah1, R. Riedinger1,2

1The Center for Optical Quantum Technologies, University of Hamburg, 22761 Hamburg, Germany
2The Hamburg Centre for Ultrafast Imaging, 22761 Hamburg, Germany

Silicon Vacancy (SiV) color centers in diamond hold promise for enhancing quantum communication systems.
SiVs feature atom-like optical transitions, which enable high-fidelity interactions between photons and a long-
lived electron spin. The inversion symmetry of the SiV protects its optical transition from electrical noise, making
it suitable for integration into QED structures in the nanophotonic cavity. Nevertheless, SiV color centers require
operation at low temperatures and the application of strong radio frequency fields to manipulate nuclear spins.

In this work, we introduce a platform that combines superconducting nuclear magnetic resonance coils with
nanophotonic structures designed to function at millikelvin temperatures, thereby paving the way for advances
in quantum networks utilizing multiqubit SiV-based systems.

References
[1] C. T. Nguyen et al., Quantum Network Nodes Based on Diamond Qubits with an Efficient Nanophotonic Interface, Phys.
Rev. Lett. 123, 183602 (2019).
[2] M.K. Bhaskar et al., Experimental demonstration of memory enhanced quantum communication, Nature 580, 60–64 (2020).
[3] P.-J. Stas et al., Robust multi-qubit quantum network node with integrated error detection, Science 378, 557 (2022).
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Thu – 4 Floquet-Liouville approach to efficient solving non-equilibrium steady
states for Rydberg radio frequency receivers

Bartosz Kasza*1,2, Sebastian Borówka1,2, Wojciech Wasilewski1,2 and Michał Parniak1,2

1Centre for Quantum Optical Technologies, Centre of New Technologies, University of Warsaw, Banacha 2c, 02-097 Warsaw,
Poland

2Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland

Multi-level atoms, e.g. excited to Rydberg states, present many unique opportunities, but present several challenges
for numerical treatment of their interaction with multiple laser fields. In hot-atom systems this is further aggravated
by the necessity to include Doppler broadening. Further challenges arise if the system is time-dependent, as
the system then doesn’t have a strict steady-state solution. Our study presents a numerically efficient approach
to solving non-equilibrium steady states, focusing on fractured atomic loops, as exemplified by Rydberg-atom
microwave sensing protocols. By manipulating terms within the master equation and applying Fourier expansion
of Floquet-Lindblad modes, we uncover new insights into the control and coherence of atomic states under periodic
driving, resulting from fracture [1]. The results are particularly relevant for superheterodyne Rydberg sensors [2],
where the main question is the efficient transfer of modulation from a weak microwave signal field to light. These
findings enhance our understanding of quantum dynamics in Floquet systems and offer potential applications in
modelling quantum communication, sensing and transduction protocols [3].

Fig. 1: A resonant (a) and a fractured (b) loop. Evolution of the resonant setup finishes in steady-state, evolution
of fractured setup results in non-equilibrium steady-state.

References should appear at the end of the abstract, in the order in which they are referenced in the body of the
text. Please refer to the examples below for the presentation of the references [1-4].
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[2] JM. Jing et al., Nature Physics 16, 911-915 (2020),
[3] S. Borówka et al., 18, 32-38 (2024).
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Thu – 5 Calculating frequency-filtered N -photon spectra
of solid-state quantum emitters

M. Salamon*1, O. Dudgeon1, A. Nazir1, J. Iles-Smith2

1Department of Physics & Astronomy, The University of Manchester, Oxford Road, M13 9PL, Manchester, United Kingdom
2School of Mathematical and Physical Sciences, The University of Sheffield, Western Bank,

S10 2TN, Sheffield, United Kingdom

Field correlation functions are commonly used to characterise light emitted by quantum sources. Yet, their calcula-
tion is most often based on the quantum regression theorem (QRT), which imposes Born and Markov approxima-
tions on the evolution of two-time correlation functions. However, these approximations do not hold for solid-state
quantum emitters, such as semiconductor quantum dots (QD), where the influence of the additional phonon en-
vironment of the lattice has to be considered [1]. Moreover, spectral filtering, often used to select the required
emission frequencies, introduces further complexity in the calculations. Since solid-state emitters are promising
candidates for future quantum technologies, it is therefore of high relevance to study techniques for calculating
photon correlations beyond the QRT.

The recently developed sensor method [2] provides a conceptually simple and efficient framework for calcu-
lating frequency-filtered correlation functions. In our work [3] we extend this technique to the case of solid-state
quantum emitters interacting with a vibrational environment, see Fig. 1. This allows us to obtain N -photon spectra
of a resonantly-driven QD. We show that our method, even within a weak-coupling approximation for the phonon
environment, is capable of correctly accounting for phenomena not captured by the standard QRT calculation,
such as the phonon sideband [1]. Within the regime of validity of the weak-coupling approximation, our results are
found to be in an excellent agreement with a numerically-exact calculation using a sophisticated TEMPO method
[4]. Furthermore, we compute for the first time the two-photon spectrum of a QD under the influence of the phonon
environment. This calculation reveals the cross-correlations between the different parts of the emission spectrum,
including correlations between the phonon sideband and the peaks of the Mollow triplet. We additionally find that
structure of correlations between the three peaks of the Mollow triplet is preserved in the emission from the phonon
sideband.

ω1,Γ1

ω2,Γ2

ωN ,ΓN

ϵ1

ϵ2

ϵN

Quantum
Emitter

|g⟩

|e⟩
γDriving

laser, Ω

Fig. 1: A schematic diagram of the sensor method for a solid-state quantum emitter [3]. The emitter is a two-level
system driven by a continuous-wave laser with Rabi frequency Ω. The energy levels (|g⟩, |e⟩) of the emitter are
affected by its interaction with lattice vibrations. N sensors, modelled as two-level systems with energy gaps ωi

and decay rates Γi, are weakly coupled to the emitter. Frequency-filtered photon correlation functions are obtained
from populations of the sensors.
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Thu – 6 A case study on Doppler heating using Rydberg Doppler velocimetry
È. Solé Cardona*1, K. Trivedi1,2, M. Carminati2, 0. Morsch1,2

1 CNR-INO, Via Moruzzi 1, 56124 Pisa, Italy
2Dipartamento di Fisica ”E.Fermi”, Largo Bruno Pontecorvo 3, 56127 Pisa, Italy

Accurate measurement of velocity distributions is crucial for characterizing cold atomic clouds. We have devel-
oped a Doppler velocimetry technique based on Rydberg spectroscopy. We access Rydberg states by two-photon
excitation, where the atoms are subsequently ionized, and the resulting ions are collected. The key idea is that
the Doppler shift in the absorption frequency of the Rydberg transition directly encodes the atomic velocity, al-
lowing us to extract detailed velocity distributions with minimal perturbation to the system. Our Rydberg-based
velocimetry offers several advantages over conventional methods [1,2]: high spectral resolution with low signals,
applicability across a wide range of cloud temperatures (limited only by the linewidths of the excitation lasers),
locality of the measurements, and the ability to map both position distribution and momentum-position correlations
through arrival-time analysis of the ions [3].

To demonstrate the capabilities of our technique, we study the Doppler heating mechanism. We observe the
appearance of bimodality in the velocity distribution under a range of positive laser detuning and heating times,
shown in Figure 1. This behavior corresponds to the formation of spatially distinct atomic clusters with unique
momentum-position correlations, which are different from free expansion dynamics. In a magneto-optical trap
laser setup, the cluster atoms form an expanding cubic lattice as the heating time increases. Our experimental
findings are corroborated by theoretical numerical simulations, validating the performance of our approach. This
study not only provides insights into the Doppler heating mechanism but also establishes a tool for future research
of cold atomic cloud dynamics.
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Fig. 1: Theoretical heatmap of excess kurtosis in the velocity distribution based on laser detuning and heating
time, with marked points linked to experimental plots.
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Thu – 7 Spontaneous emission of dipolar adatoms near SSH chains
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Rockstuhl3,5, Marta Pelc 1 and Karolina Słowik 1
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The light-matter interaction in one-dimensional structures offers promising avenues for nanoscale photonics and
quantum technologies. This study focuses on a two-level atom in the vicinity of Su-Schrieffer-Heeger (SSH)
chains, modeling them in a tight-binding framework [1]. The adatom, modeled as a dipole source, is optically
coupled to the chain. The primary quantity investigated is the imaginary part of the Green’s function at the dipole’s
position, which characterizes the spontaneous emission rate of the dipolar emitter as modified by its proximity to
the SSH chain [2].
In the first phase of the study, we analyze a one-dimensional metallic chain, exploring the impact of the local envi-
ronment and symmetry-breaking effects by identifying two distinct interaction regimes based on the adatom-chain
distance. As the adatom-chain distance varies, the adatom can enter a curved nodal plane near the chain’s edge,
resulting in a significant suppression of the spontaneous decay rate. The position and curvature of these nodal
planes are examined for various resonant modes and chain lengths.
Subsequently, we parametrically introduce dimerization into the metallic chain, transforming it into a semicon-
ducting chain by opening a bandgap. As the chain transitions from metallic to semiconducting, the impact of
electron interactions is suppressed. The states in close vicinity of either side of the bandgap exhibit heightened
sensitivity to the dimerization process, showing significant changes in the local density of states and charge redis-
tribution across the two sublattices. This redistribution significantly alters the transition dipole moments involving
these states causing modification of absorption spectra of the chain and the spontaneous decay rate of the adatom.
Furthermore, we identify the distinct mechanisms governing spontaneous emission enhancement in metallic and
semiconducting chains, demonstrating the impact of electron interactions in shaping these processes.

Fig. 1: Heatmap of the imaginary part of the Green’s function, Im{G(ω, r0, r0)}, at the dipole source position for a 30-atom long dimer
chain (dimerization parameter = 0.3). The plot shows the dipole’s varying positions along the chain’s length (x-direction), with a constant
chain-dipole distance of y = 5 Å. The white dotted line represents the absorption spectrum of the same structure under plane wave illumination.
Note: For comparison, the energy axis of the absorption spectrum and Im{G(ω, r0, r0)} are aligned, but the absorption spectrum’s horizontal
axis represents the absorption cross-section, which is not shown in the figure.
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Thu – 8 Towards the formation of ultracold highly polar CsAg and KAg molecules
Jorge Mellado Muñoz*, Jakub Pawlak, Mariusz Semczuk†

Institute of Experimental Physics, University of Warsaw, Warsaw, Ludwika Pasteura 5, 02-093 Warsaw, Poland

Silver (Ag), which can be cooled with methods similar to those used with alkali atoms due to their similarities,
presents interesting properties that can be exploited. Firstly, it presents a metastable state accessible by a two-
photon transition, which can be used as a clock state [1]. Secondly, some Ag-alkali molecules, in particular KAg
and CsAg, can achieve electric dipole moments nearing 10 D in the absolute roto-vibrational ground state. For
CsAg, dipole moments exceeding 13 D can be attained in higher vibrational levels of the ground state potential,
requiring only 0.3 kV/cm to fully polarize the sample [2], making the effects of dipole-dipole interactions an order
of magnitude stronger than any other bialkali molecule. Thus, Ag-alkali molecules are an excellent platform for
quantum simulations for systems in which long-range dipole-dipole interactions dominate. Our long-term goal is
the realization of a setup able to produce ultracold CsAg and KAg molecules.

In our planned implementation, K and Cs are loaded into 3D magneto-optical traps (MOTs) from a shared
2D MOT, while a separate 2D MOT is used for loading the 3D MOT of Ag. Currently, we are working on the
development of the Ag 2D MOT that will be used to generate a transversally cooled beam of Ag atoms. 2D
MOTs are widely used in alkali atoms experiments. The vapor pressure of some alkali atoms at or close to room
temperature is usually sufficient to obtain the required flux of atoms from the 2D MOT to load a 3D MOT. In
the case of atomic species that require few hundreds of degrees to achieve this, such as Li or Yb, ovens are used
in combination with 2D MOTs or Zeeman decelerators to obtain the desired atom flux. In this regime, the hot
atoms can easily coat the windows of the experimental setups. To avoid this, the oven and 2D MOT can be placed
in separate chambers. A more elegant solution, and the one chosen for our setup, is to build a high-temperature
dispenser with an aperture directed away from the windows of the chamber [3]. This will be the first Ag setup to
use a 2D MOT, allowing for an excellent control over the atom flux in a very compact format.

Alongside the development of the Ag MOT, we are working in the spectroscopy of the clock state and cooling
transition of Ag using a frequency comb. This will provide invaluable information about the hyperfine structure
of the cooling transition that can be used for the realization of more elaborate laser cooling schemes, such as gray
molasses or dark MOT. The detailed spectroscopy of the clock state will be useful for the development of Ag as an
optical clock platform and for the possibility of cooling Ag atoms via this narrow transition.

In the future, we will perform evaporative cooling in a dipole trap of both species, Ag and Cs, and we will
study the Feshbach resonances between the two species. These resonances will be used to form weakly bound
CsAg molecules.
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Testing the universality of three-body interactions near narrow Feshbach
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1Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland
2Department of Physics, University of Massachusetts Boston, 100 Morrissey Blvd. Boston, MA 02125, United States

We study properties of Efimov states and explore their dependence on the strength of the underlying Feshbach
resonance. Within a two-channel model for the interatomic interactions, we calculate the energies of the Efimov
ground and exited states to test the van der Waals universality expected for strong (broad) Feshbach resonances. By
varying the position and strength of the two-body coupling between the channels, we modify the strength/width of
the Feshbach resonance, as measured by the sres parameter [1]. Investigating across a range of Feshbach resonance
widths, we showcase the appearance of non-universal behavior of the Efimov trimer in the ground and excited
states, likely emergent from a repulsive interaction in the atom-dimer channel, which appears for narrow resonances
[2].

The interplay between the length-scales describing the short-range, exchange, and the van der Waals interaction
across a series of alkali-metal, homonuclear samples is likely an important factor determining the universal behav-
ior of the Efimov spectrum. Thus, we compare the Efimov spectra dependence on the sres parameter for systems
with varying strength of the Feshbach resonance across a range of atomic species [3]. Interestingly, we also show
how the non-universal behavior changes upon switching the resonance across many closed-channel bound states,
which gives insights about the nature of the repulsive interaction and provides a way to measure the influence of
the coupling position on the non-universal behavior of the resonance.
References
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Quantum Optics XI
Development of a variable-geometry multiplexed strontium optical atomic

clock
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2Instituto de Fı́sica de São Carlos, Universidade de São Paulo, São Carlos, SP 13566-970, Brazil

Over the past twenty years, experimental platforms based on alkaline earth atoms in optical lattices have rapidly
advanced, with strontium emerging as a key atomic species in a wide range of state-of-the-art cold-atom quantum
technologies, including optical atomic clocks, quantum computers, and quantum simulators. The most recent
realization of strontium optical lattice clock has achieved remarkable accuracy on the level of 10−19 [1], making
strontium a unique platform for metrology and precision measurements, as well one of the leading candidate
elements for the redefinition of the second [2]. Meanwhile, in recent years, optical tweezers have expanded the
capabilities for single optical qubit control and detection, opening new research avenues in quantum simulation,
quantum computing, and metrology.

In our laboratory, we are developing the first strontium-based optical atomic clock in Croatia. The goal is to
produce a variable-geometry multiplexed lattice clock by creating an array of 1D lattices at the magic wavelength.
This configuration combines the unique flexibility of techniques employed in optical tweezers with the high accu-
racy of 1D optical lattice clocks. Here, we report on the current state of our experiment and offer an outlook for
our clock.

Additionally, we present our latest published work [3] - the first direct measurement of the lifetime of the
5s5p1P1 state of 88Sr, achieved through time-correlated single-photon counting of laser-induced fluorescence in a
hot atomic beam. One of the primary sources of uncertainty in strontium lattice clocks is the blackbody radiation
(BBR) shift, which arises due to the substantial differential polarizability between the clock states. This shift is
calculated using available spectroscopic data and depends on the Einstein coefficients (A) for transitions between
higher-lying states and the clock states. For the ground 5s21S0 state, over 90% of the total polarizability comes
from the 5s5p1P1 state, meaning an accurate and precise determination of the Einstein coefficient A(5s5p1P1 →
5s21S0) is essential for reducing the uncertainty in strontium optical lattice clocks.

References
[1] A. Aeppli, K. Kim, W. Warfield, M. S. Safronova, and J. Ye, Clock with 8*10−19 systematic uncertainty, Phys. Rev. Lett.
133, 023401 (2024).
[2] N. Dimarcq, M. Gertsvolf, G. Mileti, S. Bize, C. W. Oates, E. Peik, D. Calonico, T. Ido, P. Tavella, F. Meynadier, G. Petit,
G. Panfilo, J. Bartholomew, P. Defraigne, E. A. Donley, P. O. Hedekvist, I. Sesia, M. Wouters, P. Dubé, F. Fang et al., Roadmap
towards the redefinition of the second, Metrologia 61, 012001 (2024).
[3] Puljić, I., Cipriš, A., Aumiler, D., Ban, T., Šantić, N., Lifetime measurement of the 5s5p1P1 state of atomic strontium,
Phys. Rev. A, 111, 032809 (2025)
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Thu – 12 A Warm Rydberg Atom-Based Wi-Fi Signal Receiver
M. Jastrzebski*1,2, J. Nowosielski1,2, P. Halavach1,2, K. Łukanowski1,2, M. Jarzyna2, M. Mazelanik2, W.

Wasilewski1,2, M. Parniak1,2,
1Department of Physics, University of Warsaw, Ludwika Pasteura Street 5, 02-093 Warsaw, Poland

2Centre for Quantum Optical Technologies, Centre of New Technologies, University of Warsaw, Stefana Banacha Street 2,
02-097 Warsaw, Poland

Rydberg atoms exhibit both remarkable sensitivity to electromagnetic fields making them promising candidates
for revolutionizing field sensors and, unlike conventional antennas, they neither disturb the measured field nor
necessitate extensive calibration procedures. In this study, we propose a receiver design for data-modulated signal
reception near the 2.4 GHz Wi-Fi frequency band, harnessing the capabilities of warm Rydberg atoms. Our focus
lies on exploring various quadrature amplitude modulations and transmission frequencies through heterodyne de-
tection. Additionally, we delve into analyzing communication errors using Voronoi diagrams and evaluating the
communication channel capacity across different modulation schemes.
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Fig. 1: (a) Optical part of the experimental setup. APD - avalanche photodiode, OPT - optical signal, PD -
photodiode signal (b) The electronic part of the experimental setup. PLL - phase-locked loop, VCO – voltage-
controlled oscillator, LO - local oscillator, MW - microwave, CAR - carrier signal, DEMOD - demodulation signal.

The main goal of the experiment is to receive data encoded into the signal SIG through modulation of the MW
field, using the quadrature amplitude modulation (QAM) scheme[1]. In this experimental realisation, the signal
is generated from the amplitude-modulated I (in-phase) and Q (quadrature) components shifted in phase by π

2 .
The components define two-dimensional IQ space, in which QAM can be described as an even symmetrical points
distribution around the origin. One of the more important parameters of data transmission is the symbol error rate
(SER), defined as the probability of incorrectly receiving symbols. As the noise for both the I and Q components
is Gaussian, we calculate SER by integrating Gaussian probability distribution over a specific area of the IQ space.
The integral areas are defined by the structures known as the Voronoi cells[2,3]. The diagram is created from
seed points, which in this case are mean positions received symbols, based on which the Voronoi cell limits are
calculated.
References
[1] C. Campopiano and B. Glazer, “A Coherent Digital Amplitude and Phase Modulation Scheme,” IRE Trans. on Commun.
Syst. 10, 90–95 (1962).
[2] F. Aurenhammer, “Voronoi diagrams—a survey of a fundamental geometric data structure,” ACM Comput. Surv. 23,
345–405 (1991).
[3] “Spatial Tessellations: Concepts and Applications of Voronoi Diagrams, 2nd Edition,”
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Thu – 13 High-dimensional quantum key distribution with resource-efficient
detection

M. Ogrodnik*1, A. Widomski1, D. Bruß2, G. Chesi3, F. Grasselli4, H. Kampermann2, C. Macchiavello3, N.
Walk5, N. Wyderka2, M. Karpiński1

1Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warszawa, Poland
2Institut für Theoretische Physik III, Heinrich-Heine-Universität Düsseldorf, Universitätsstraße 1, D-40225 Düsseldorf,

Germany
3National Institute for Nuclear Physics, Sezione di Pavia, Via Agostino Bassi 6, 27100 Pavia, Italy
4Leonardo Innovation Labs – Quantum Technologies, Via Tiburtina km 12,400, 00131 Rome, Italy

5Dahlem Center for Complex Quantum Systems, Freie Universität Berlin, Arnimallee 14, D-14195 Berlin, Germany

While quantum key distribution (QKD) based on two-dimensional (qubit) encoding is a mature, field-tested
technology, its performance is lacking for many cryptographic applications. High-dimensional encoding for QKD
enables increased achievable key rates and robustness as compared to the standard qubit-based systems. However,
experimental implementations of such systems are more complicated, expensive, and require complex security
analysis [1,2]. Additionally their implementation may introduce vulnerabilities such as basis-dependent detection
probability unaccounted for in the security proof [3]. Here, we present a proof of principle high-dimensional time-
phase BB84 QKD experiment using only one single-photon detector per measurement basis [4]. States are prepared
by electro-optic modulation of a continuous wave laser light. Decoy states are prepared by changing the settings
of two amplitude modulators. Measurements in the key generation basis are realised via time-resolved niobium-
nitride superconducting nanowire single-photon detectors. We employ the temporal Talbot effect to detect QKD
symbols in the control basis [5]. Experimentally-obtained key rates for the two-dimensional and four-dimensional
case, including in an urban fibre network, show the advantage of high-dimensional encoding in the high measure-
ment error regime. We present a comparison of the secret key rates obtained from two different security proofs:
standard decoy-BB84 d-dimensional protocol and new tunable beamsplitter modification proposed in [3]. The
latter treatment closes the basis-dependent probability loophole and thus provides increased security by relaxing
the assumptions on the implementation of the protocol. Our results contribute to the discussion of the benefits of
high-dimensional encoding and highlight the impact of security analysis on the achievable QKD performance.

(a) (b)

Fig. 1: (a) Temporal Talbot carpet shows dependence of the relative phases of four time-bin pulses. Horizontal axis represents time and
vertical axis represents applied dispersion with Talbot dispersion in the middle. Blue and orange fringes correspond to superpositions with
equal phases and alternating 0, π phases respectively. (b) Experimentally obtained key rates for the 2- and 4-dimensional decoy-BB84 protocol
security proof based on the measurements in the urban network.

References
[1] N. T. Islam, C. C. W. Lim, C. Cahall, J. Kim, and D. J. Gauthier, Provably secure and high-rate quantum key distribution
with time-bin qudits, Sci. Adv. 3, e1701491 (2017).
[2] H. Yu, S. Sciara, M. Chemnitz, et al. Quantum key distribution implemented with d-level time-bin entangled photons, Nat
Commun 16, 171 (2025)
[3] F. Grasselli, G. Chesi, N. Walk, et al., Quantum Key Distribution with Basis-Dependent Detection Probability, arXiv
preprint arXiv:2411.19874 (2024)
[4] M. Ogrodnik, A. Widomski, D. Bruß et al., High-dimensional quantum key distribution with resource-efficient detection,
arXiv preprint arXiv:2412.16782 (2024)
[5] A. Widomski, M. Ogrodnik, and M. Karpiński, Efficient detection of multidimensional single-photon time-bin superposi-
tions, Optica 11, 926–931 (2024)
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Thu – 14 Quantum Metrology in the Ultrastrong Coupling 
Regime of Light-Matter Interactions: 
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Thu – 15 Floquet engineering of Bose mixture with interactions of any shape
D. Włodzyński*1, K. Sacha1

1Atomic Optics Department, Jagiellonian University, ul. Gołębia 24, 31-007 Kraków, Poland

We have analyzed a system of ultracold bosonic atoms on a one-dimensional ring with periodically modulated
strength of contact interactions. For high driving frequency, the system in the resonant state is effectively described
as a time-independent two-component Bose mixture. The shape of the effective intercomponent interactions is the
same as the time dependence of the interaction strength in the initial problem. Therefore, one could use this
procedure to simulate a Bose mixture with any intercomponent interactions using single-component Bose gas with
appropriate driving. For example, by introducing disorder to the driving, one can obtain a system with Anderson
localization in the relative motion of the atoms (so-called Anderson complexes).

*Corresponding author: damian.wlodzynski@uj.edu.pl
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Thu – 16 Programmable Fermionic Quantum Simulation on a Hybrid 
Tweezer-Lattice Platform 

Naman Jain1, Marcus Culemann1, Jin Zhang1, Kirill Khoruzhii1, Jun Ong1, and Philipp M. Preiss1,2 
1.Max Planck Institute of Quantum Optics, Garching 85748, Germany 

2Munich Centre for Quantum Science and Technology, Munich, Germany 

Recent advances in probing complex many body systems allow us to raise incisive questions about their 
dynamics, which are classically hard to compute. Combining approaches from quantum information theory with 
state-of-the-art quantum simulation techniques can lead to new ways of characterizing itinerant quantum systems 
more generally. Programmable quantum simulation using ultracold fermions in optical lattices holds immense 
potential to address these investigations on many-body phenomena and non-equilibrium dynamics. However, the 
initialization of arbitrary quantum states has been a significant challenge along with the realisation of fast cycle 
times in such intricate systems. Latest developments on optical tweezer arrays offer a promising solution for 
creating programmable initial states. Leveraging the reconfigurability of tweezers, atoms can be arranged into 
arbitrary spatial configurations. When combined with optical lattices and site- and spin-resolved imaging 
techniques, this setting establishes a powerful platform for addressing challenging problems in quantum many-
body physics [1], and exploring novel ideas such as measurements in random bases to probe many body states in 
a basis-independent manner [2,3]. 

In this presentation, I would like to demonstrate our recent work in this direction, wherein we realise these 
capabilities, showcasing the rapid and high-fidelity preparation of optical tweezer arrays, achieving deterministic 
trapping of fermionic atom pairs in the motional ground state of each tweezer. We demonstrate spin-dependent 
free-space imaging, efficient loading, and evaporation protocols, as well as deterministic control of atom 
numbers within the tweezer arrays. I would like to show our preliminary results that establish these techniques 
on a solid ground and the science that we explore with the use of tuneable lattice potentials followed by single-
atom resolved imaging. As an outlook, I would like to discuss how these advancements expand the scope of 
quantum simulation beyond ground-state Hubbard physics, enabling exploration of quantum chemistry, and 
fermionic quantum information processing.  

 

References 
[1] I. Bloch, J. Dalibard, and S. Nascimbène, Quantum simulations with ultracold quantum gases, Nature Physics, Vol. 8, 267–276 (2012)  
[2] S.J. Van Enk & C. W. J. Beenakker, PRL 108, 110503 (2012) 
[3] A. Elben, et al. PRL120, 050406 (2018)  
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Thu – 17 Simultaneous Frequency Conversion and Spectral-Temporal Shaping
of Single-Photon Pulses

M. Mikołajczyk*1, A. Golestani1,2, R. H. S. Bannerman3, J. C. Gates3, P. G. R. Smith3, M. Karpiński1
1Faculty of Physics, University of Warsaw, ul. Pasteura 5, 02-093 Warszawa, Poland

2Department of Electrical & Computer Engineering, University of Toronto, 10 King’s College Road, Toronto, Canada
3Optoelectronics Research Centre, University of Southampton, Southampton SO17 1BJ, United Kingdom

Long-distance transmission of quantum information between various systems, such as single-photon sources, quan-
tum memories or matter-based quantum information processing units is hampered by disparate spectral-temporal
properties of photons that can be efficiently emitted or absorbed by such systems. Quantum frequency conversion,
i.e. low noise nonlinear optical frequency conversion, is an established method to address photon central frequency
distinguishability. However, it does not address the issue of single-photon spectral bandwidth and timescale varia-
tions, which can range from single picoseconds to hundreds of nanoseconds.

Here we present a quantum interface device converting single-photon-level pulses simultaneously adjusting the
central wavelength, bandwidth and pulse duration from those typical for a quantum dot (798 nm, 5 GHz, 150 ps)
to standard fibre optical telecommunication channel (1300 nm, 100GHz, < 25ps), by driving nonlinear optical
frequency conversion with a strong highly chirped pump pulses, effectively realizing a nonlinear time lens.

Fig. 1: (a) Pulse transformation. The signal pulse has narrow bandwidth and long duration as is typical for quantum dots. The DFG can take
place only when the signal and pump pulse overlap. The strong chirp present in the pump pulse: (1) causes that only part of the pump spectrum
takes part in DFG, (2) maps the signal temporal envelope onto the output spectral envelope, (3) is translated to the chirp of the output pulse. The
output chirp compensation allows compressing the long input pulse into a short output pulse. (b,c) Experimental spectral bandwidth expansion.

Our converter is based on the difference frequency generation (DFG) process in a periodically-polled waveg-
uide in a lithium niobate crystal. The pump is generated by a custom setup where 2070 nm wavelength pulses from
an frequency shifted erbium femtosecond oscillator are stretched by purpose-fabricated chirped fiber Bragg grating
(CFBG) with dispersion of 340 ps/nm, and amplified in a thulium fiber amplifier. The 798 nm single-photon-level
input signal interacts in the crystal with the strong 2070 nm chirped broadband pump and is converted to 1300 nm
and spectrally broadened. The 1300 nm output can be then compressed using another CFBG with dispersion of
800 ps/nm. The exact output wavelength is decided by the energy conservation in the QFC. The unique ability of
our device to simultaneously modify the spectral bandwidth and duration of the photon pulse comes from applying
a strongly chirped pump, as shown in Fig. 1a.

We converted single-photon-level coherent light pulses matching parameters of a quantum dot of 798 nm,
5.2 GHz bandwidth and 150 ps duration to a standard telecommunication channel of 1300 nm, 35 GHz (< 100 GHz
channel separation), and 25 ps. To match the 35 GHz of telecom bandwidth we needed 34.4 GHz of pump
bandwidth, which together with 150 ps of pulse duration yielded 306 ps/nm (4.37 ps/GHz) pump dispersion. The
custom CFBG provided 340 ps/nm (4.86 ps/GHz) which in QFC translated to 804 ps/nm (4.53 ps/GHz). Using
a compensating CFBG of 800 ps/nm (4.62 ps/GHz) we are able to compress the output pulse below the temporal
resolution of our detector (25 ps). The measured internal conversion efficiency was above 80%.

Using our converter we ware able to efficiently convert weak coherent light pulses analogous to those from a
typical quantum dot to an O-band fibre telecommunication standard. An appropriately modified version could be
used on the other end of channel to convert the single-photons to parameters matching a quantum memory, there-
fore constituting a complete quantum link useful in, e.g., entanglement swapping. Further developments would
allow for control of the output envelopes shape, e.g., changing the exponential decay for Gaussian. We demon-
strated the capability of QFC to perform complex spectral-temporal shaping: our converter performs frequency
conversion, bandwidth shaping and duration control into a single step.

*Corresponding author: michal.mikolajczyk@fuw.edu.pl
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Thu – 18 Importance of passive PT symmetry for quantum operations
Grzegorz Chimczak*

Faculty of Physics and Astronomy, Adam Mickiewicz University, ul. Uniwersytetu Poznańskiego 2, 61-614 Poznań, Poland

Decay plays a negative role in quantum information processing. Despite this fact, there are rare cases where
decay can be useful for performing quantum operations. For example, cavity decay has been shown to be able to
significantly improve the fidelity of a state mapping operation because it acts as a counterpoise to atomic decay.
Here, we show the explanation of this phenomenon – a quantum system experiencing two types of damping is able
to perform high-fidelity quantum operations, when the whole system is in a passive PT-symmetric regime, because
in this regime the periodicity of an evolution of the quantum state is protected [2].

References
[1] G. Chimczak, J. Phys. B: At. Mol. Opt. Phys. 48, 055502 (2015).
[2] G. Chimczak et al., in preparation.
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Thu – 19 Towards high-resolution cavity-enhanced two-dimensional infrared
spectroscopy

G. Kowzan*1

1Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University in Toruń,
ul. Grudziądzka 5, 87-100 Toruń, Poland

2DIR spectroscopy is a powerful and well-developed experimental technique, commonly used to study ultrafast
molecular dynamics in optically thick liquid-phase and solid-state samples. Advances in generation of high-power
optical frequency combs in the mid infrared and in cavity enhancement of ultrafast nonlinear signals provide a way
to extend 2DIR measurements to weakly absorbing samples, in particular to low-concentration gas-phase samples
[1]. The high sensitivity of these techniques can be combined with the high resolution of multicomb spectroscopy
or Fourier-transform spectroscopy to enable measurements of the shapes of individual resonances.

In this contribution, I will present our plan for the experimental realization of CE-2DIR spectroscopy and
present the current status of the project. Our setup is based on a home-made Yb:fiber frequency comb with 200
MHz repetition rate. The laser pulse train will be amplified to <20 W average power, and the pulses will be
compressed to ~150 fs duration. We will use several difference frequency generation setups to efficiently generate
mid-IR frequency combs and match them to higher order modes of an optical cavity. Based on the one-cavity
scheme discussed in Ref. [2], we will use acousto-optic modulators to produce frequency-shifted copies of the
original comb and use phase masks to efficiently couple them to different transverse modes of an optical cavity.
All the frequency combs will be coupled collinearly to a single standing-wave cavity, which will ensure pump-
probe overlap over the whole length.

The first application of the setup will be to solve a longstanding problem in the theory of molecular line
shapes—the problem of optical coherence diffusion in the gas phase [3].
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Fig. 1: A cartoon of a 2D gas-phase molecular line shape affected by coherence-damping and velocity-changing
collisions. Left: Immediately after pump excitation the anti diagonal gives the speed-dependent pressure width.
Middle: Collisions thermalize the velocity distribution of rovibrational coherences, bringing it closer to the Boltz-
mann distribution. Right: At long delays the velocity distribution is fully thermalized and the profile is fully sym-
metric.

References
[1] M. C. Silfies, A. Mehmood, G. Kowzan, E. G. Hohenstein, B. G. Levine, T. K. Allison, J. Chem. Phys 159, 104304 (2023).
[2] T. K. Allison, J. Phys. B 50, 044004 (2017).
[3] G. Kowzan, H. Cybulski, P. Wcisło, M. Słowiński, A. Viel, P. Masłowski, F. Thibault, Phys. Rev. A 102, 012821 (2020).
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Thu – 20 Quantum Optics XI
Discrete Time Quantum Walks with Absorption and the Heisenberg Reset

P. Chełminiak1, J. Wójcik2*, A. Wójcik1

1Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University, 61-614 Poznań, Poland
2Institute of Theoretical Physics and Astrophysics, University of Gdańsk, 80-308 Gdańsk, Poland

We explore the effects of stochastic resetting on discrete-time quantum walks (DTQW) on a finite one-dimensional
lattice with two absorbing boundaries. These absorbing sites act as detectors and allow us to study the mean time
to absorption (MTA) - a quantity central to first-passage problems.

In the classical case, resetting typically increases the MTA when the walk starts symmetrically between the
absorbing sites. Surprisingly, in the quantum scenario, we observe the opposite: stochastic resetting can optimize
and reduce the MTA. The quantum walk exhibits a dependence on the reset probability, featuring a clear minimum
at an optimal value (see Fig. 1).

This behavior is rooted in quantum mechanics. Unlike classical resetting, which only affects position, quantum
resetting modifies both the walker’s position and its quasi-momentum distribution, a consequence of the uncertainty
principle. This leads to reduced interference-based reflection from absorbing boundaries and faster absorption
overall.

We provide heuristic estimates of the optimal reset rate and demonstrate agreement with numerical results.
Our findings reveal a clear quantum advantage in scenarios where classical walks cannot be optimized and suggest
practical applications for speeding up quantum algorithms through controlled resets.
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Fig. 1: Mean time to absorption τ as a function of resetting probability r for quantum (pink dots) and classi-
cal (orange dots connected by line) walks. This figure demonstrates the fundamental difference in behavior be-
tween quantum and classical walks under stochastic resetting, highlighting the regions where quantum advantage
emerges. This result was obtained in [1].

References
[1] P. Chełminiak, J. Wójcik, and A. Wójcik, Discrete-time walk on one-dimensional lattice under stochastic resetting: Ad-
vantage of quantum over classical scenario, Phys. Rev. E 111 (2025) 044143.
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Thu – 21 Ultracold CaF–Yb: interactions, electric-field scattering resonances,
and prospects for triatomic molecule formation

Matthew D. Frye*, Marcin Gronowski, Michał Tomza†

Faculty of Physics, University of Warsaw, Poland

There has been much recent progress in cooling molecules to ultracold temperatures, particularly laser cooling
molecules like CaF. There is now interest in controlling collisions of such molecules with ultracold atoms, and
using these to form triatomic molecules. Such molecules will have novel levels structures and are expected to have
application in studies of quantum information/simulation, fundamental chemical reaction dynamics, and high-
precision spectroscopy searches for beyond-standard-model physics.

Here, we focus on the CaF+Yb system. We have calculated the interaction potential of the triatomic complex.
It is highly anisotropic, with its global minimum bound by 8000 cm−1 in a bent CaF–Yb configuration (Fig. 1a).
In scattering, the anisotropy provides a strong coupling between rotational states of CaF, but is not likely to drive
strong magnetic Feshbach resonances due to the lack of spins on the Yb. Instead we focus on effects of electric
fields, where resonant states can be coupled directly by the interaction anisotropy. We have calculated scattering
lengths as a function of electric field up to 20 kV/cm and find a rich spectrum of Feshbach resonances (Fig. 1b),
which we locate and characterise numerically. The resonances are fairly sparse and narrow below 5 kV/cm but
increase dramatically up to 10 kV/cm and beyond. The widest have widths of several kV/cm but there are also
many narrower. They will be suitable both for controlling collisional interactions, and for electro-association to
weakly-bound triatomic complexes, analogous to magneto-association.
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Fig. 1: Left: CaF+Yb interaction potential. Right: Scattering lengths as a function of electric field, showing many
Feshbach resonances.

If the weakly-bound molecules can be optically transferred to the triatomic ground state by STIRAP, pre-
liminary calculations suggest these will have high sensitivity to CP-violating physics. This is largely due to the
presence of the heavy Yb atom, which enhances relativistic effects; if 173Yb is used, its quadrupole-deformed
nucleus will further enhance sensitivity to some of these effects. The bent ground-state molecule also has a novel
level structure that can aid in high-precision spectroscopy. In particular, there are closely spaced states of opposite
parity, which allow polarisation of the molecule with modest electric fields, expected to be of order only 10s of
V/cm, and facilitate cancellation of systematic errors.

These results pave the way for a new generation of experiments towards control of ultracold atom+molecule
mixtures, formation of ultracold triatomic molecules, and searches for physics beyond the standard model. The
electro-association method is completely general and does not rely on any spin structure or state, so can be applied
to any combination of heteronuclear molecule and atom.

*Corresponding author: matthew.frye@fuw.edu.pl
†Corresponding author: michal.tomza@fuw.edu.pl
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Thu – 22 Quantum advantage in highly polarized spin ensembles
Diana Mendez-Avalos*1, Aleksandra Sierant1, Santiago Tabares1, Morgan W. Mitchell1,2

1ICFO - Institut de Ciències Fotòniques, The Barcelona Institute of Science and Technology, 08860 Castelldefels (Barcelona),
Spain

2ICREA - Institució Catalana de Recerca i Estudis Avançats, 08010 Barcelona, Spain

Quantum-enhanced sensing through spin squeezing has emerged as a powerful technique to surpass classical
sensitivity limits in precision measurements [1]. In the present work, we aim to demonstrate the quantum advantage
of spin squeezing in highly polarized atomic ensembles within microfabricated isotopically enriched 87Rb cells.

Here we present the development of an optically pumped magnetometer (OPM) capable of detecting spin
projection noise at high magnetic fields (∼ 50µT). Achieving high atomic polarization to the system benefits from
the light narrowing effect, which increases sensitivity by improving the signal-to-noise ratio [2]. We determined
the squeezing parameter, quantifying the noise reduction with respect to a coherent spin state, and we explore the
potential benefits of combining spin squeezing with squeezed light probing to achieve further noise reduction. We
present preliminary simulations results to evaluate the level of spin squeezing that can be achieved in the light
narrowing regime, as shown in figure 1.

This work represents a step forward in developing compact and highly sensitive magnetometers, with potential
applications in fundamental physics experiments and field-deployable precision sensing technologies.

Fig. 1: Degree of squeezing vs time of interaction. In orange, degree of squeezing for a coherent state. In blue, the
degree of spin-squeezing expected in our system under the conditions of the cell heated at 180ºC, with 10 mW of
probe power and 200 GHz detuned from the 87Rb D1 line.

References
[1] G. Colangelo, F. M. Ciurana, L. C. Bianchet, R. J. Sewell, and M. W. Mitchell, Simultaneous tracking of spin angle and
amplitude beyond classical limits, Nature, vol. 543, no. 7646, pp. 525–528, Mar. 2017, doi: 10.1038/nature21434.
[2] T. Scholtes, V. Schultze, R. Ijsselsteijn, S. Woetzel, and H. G. Meyer, Light-narrowed optically pumped Mx magnetometer
with a miniaturized Cs cell, Physical Review A - Atomic, Molecular, and Optical Physics, vol. 84, no. 4, Oct. 2011, doi:
10.1103/PhysRevA.84.043416.
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Thu – 23 87Rb Spinor BEC Comagnetometer
Z. Sargianni*1, B. Soria Pastor1, G. Łukasiewicz2,3,W. Zhou1,4, E. Aybar1, N. Lundblad1,5, A. Sierant1,
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Spinor Bose-Einstein Condensates (SBECs) can be used as highly sensitive magnetometers, utilizing the Lar-
mor precession of atomic spins in a magnetic field to achieve precise measurements. The macroscopic nature of
the SBECs, where all atoms are degenerate in the same quantum state, but still exhibit rich spin physics, along
with their long coherence times, allow for high-sensitivity measurements. Due to quantum degeneracy and ex-
ceptionally low inelastic collision rates, a 87Rb SBEC can achieve extremely high magnetic sensitivity relative
to its volume, with a combination of spatial, temporal, and field resolution that supprasses many existing sensing
approaches [1]. This enhanced magnetic sensitivity at small length scales enables new opportunities for prob-
ing physics beyond the Standard Model, such as searches for short-range spin-dependent forces that may provide
insights into dark matter detection and gravitational quantum effects.

In this work, we present one advantage of the 87Rb SBEC, which is its ability to function as a comagnetometer,
a two-component SBEC, where the f = 1 and f = 2 hyperfine ground states of 87Rb act as co-located magnetome-
ters. Each of them can directly image the Larmor precession of an SBEC using nondestructive Faraday rotation
probing with the additional benefit that these hyperfine manifolds have nearly opposite gyromagnetic ratios, lead-
ing to counter-rotating precession angles. This setup allows for effective rejection of common-mode noise and
enhances sensitivity to any effects that affect the two manifolds in opposite ways, such as interactions that rotate
them in the same way [2].

Fig. 1: The SBEC magnetometer is initially prepared and confined within an optical dipole trap (orange beams).
The atomic spins are first polarized along the magnetic field and then tipped orthogonally to the field using an
RF pulse. A linearly polarized probe beam (red beam) passes through the atomic ensemble, undergoing Faraday
rotation by an angle ϕ as the spins precess in the magnetic field. The Faraday rotation angle ϕ is proportional to Fz ,
where F is the collective spin of the condensate. By measuring ϕ, we determine Fz , which encodes the precession
angle—a direct function of the magnetic field strength. (Left) Schematic of the SBEC-based magnetic field sensor.
(Right) Readout measurements of the Faraday rotation angle ϕ as a function of time t. Adapted from [3].

References
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Thu – 24 Unitary spectral-temporal mode shaping for applications
in photonic quantum information processing

J. Szuniewicz*1, K. Mielczarek1, M. Chrzanowski1, F. Sosnicki1,2, M. Karpinski1
1Department of Physics, University of Warsaw, Pasteura 5, 02-093 Warszawa, Poland

2Integrated Quantum Optics, Institute for Photonic Quantum Systems (PhoQS), Paderborn University, Paderborn, Germany

The accelerating development of quantum network technologies has created an urgent need for quantum infor-
mation exchange across diverse systems. This critical transfer capability, particularly over vast distances, can be
achieved almost exclusively through single photons serving as quantum information carriers.

A two-photon interference is one of the standard methods to exchange quantum information between photons.
The interference of quantum states requires the indistinguishability between both states, which is realized by
matching the properties of interacting photons. For instance, a quantum dot (QD) source, producing single-photon
wavepackets with exponential decay in time and matching spectral mode has a very limited probability of being
stored in a quantum memory using an atomic vapor [1]. The overall efficiency could be improved by using a
quantum photonic interface (QPI) – a device matching properties of photons by manipulating their spectral and
temporal degrees of freedom. Here, we could modify the temporal profile of the QD photons to transform it into
a Gaussian mode. Such interfaces can be created using inherently lossless phase-only operations [2], but current
approaches require multi-stage transformations, with each stage introducing loss and potential instability.

Here we present a single-stage process for changing an arbitrary spectral-temporal mode pulse into any other
arbitrary spectral-temporal mode by using only a single temporal and a single spectral phase. When the temporal
phase is changed, the temporal amplitude of the input pulse is not modified, but the spectral amplitude changes.
When the spectral phase is applied, the spectral amplitude is intact, while the temporal amplitude changes, see
Figure 1a. Performing the transformation requires us to find the specific spectral and temporal phases transforming
the input mode pulse into the desired output mode pulse. Using machine learning techniques allows us to put
additional constraints on the problem through a customized loss function. We can use the loss function to include
experimental limitations, such as resolution and limited analog bandwidths (frequency range).

In Figures 1b and 1c, we present numerical results obtained by the convolutional neural network method for the
conversion of a long pulse from a quantum dot with an exponential decay envelope in time into a Gaussian pulse.
This is a particularly interesting process for photonic quantum information processing, as a quantum interface
allowing Gaussian photons to interfere with single photons from quantum dots will enable the creation of a fast
and reliable quantum network.

Fig. 1: (a) Schematic of the unitary spectral-temporal mode shaping using only two phase operations. (b-c)
Numerical results for the exponential to Gaussian pulse conversion. Please note, that the obtained phases are
continuous and slowly changing, indicating the feasibility of implementation these transformation experimentally.

We present an arbitrary spectral-temporal mode transformation by applying a single temporal phase and a single
spectral phase. The customizable loss function allows us to fine-tune the parameter search properties to achieve
the best possible experimental results. These results will find applications in spectral-temporal mode matching for
hybrid quantum networks and quantum information processing in the time-frequency degree of freedom. We also
expect potential applications for specific classical high-intensity pulse shaping scenarios.

This research was funded in part by the National Science Centre, Poland, grant number 2022/45/N/ST2/04249.
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Thu – 25 Hybrid Sampling Method for BEC Fluctuations
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1Institute of Physics, Polish Academy of Sciences, Al. Lotników 32/46, 02-668 Warsaw, Poland
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We demonstrate the advantages of a new hybrid sampling method to solving the problem of ensemble BEC fluctu-
ations for the cases of many interacting bosons in various system geometries: harmonic traps (1D, symmetric and
asymmetric 3D) and boxes with periodic boundary conditions.

We combine the field’s workhorse – the classical fields approximation (CF) – with our new method – Fock state
sampling (FSS) – and we obtain an extremely robust method without the problems of CF, i.e. without the "cutoff
problem"(UV divergency). The method maintains its general applicability to many different systems and allows us
to study a wide range of properties, not only BEC fluctuations.

FSS was first demonstrated in [1] where we compare experimental data (first experimental measurement of
BEC fluctuations) with our theoretical predictions. Since then, FSS was applied for many different systems and
geometries [2], providing us with access to both canonical and microcanonical ensembles for the study of BEC
statistics. Our new hybrid sampling method retains this ability to study different ensembles and geometries.

In this presentation we focus on highlighting our new results for a repulsively interacting Bose gas in an
asymmetrical 3D harmonic trap and compare them with the original experiment [1].

References
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[2] M. B. Kruk, D. Hryniuk, M. Kristensen, T. Vibel, K. Pawłowski, J. Arlt, K. Rzążewski; “Microcanonical and Canonical
Fluctuations in atomic Bose-Einstein Condensates – Fock state sampling approach”; SciPost Phys. 14, 036 (2023)
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Towards violation of Bell inequalities by position measurements for

Dirac particles

Anuradha Tonipe1, Tomasz Miller2, Adamantia Zampeli1, Michal Eckstein3, Pawel Horodecki1
1International Centre for Theory of Quantum Technologies (ICTQT), University of Gdańsk, Poland

2 Copernicus Center, Jagiellonian University, Poland
3Institute of Theoretical Physics, Jagiellonian University, Poland

The natural extension of hidden variables to the realm of relativistic physics would be a hypothetical theory in
which trajectories (i) exists, consistent with a local hidden variable (LHV) model, and (ii) remains subluminally.
Interestingly, the simplest inequality arising from these assumptions in the bipartite case is satisfied by the Dirac
equation [1]. This suggests that its dynamics could, in principle, be simulated by LHV theories with causal (i.e.,
subluminal) trajectories. Motivated by this, we aim to explicitly refute LHV theories for the Dirac equation, drawing
an analogy to similar results established for the Schrödinger equation [2]. In this work, we present evidence supporting
such a refutation and outline steps towards its quantitative assessment [1].

[1] A. Tonipe, T. Miller, A. Zampeli, M. Eckstein, and P. Horodecki, (2025), in preparation.
[2] J. Kiukas and R. F. Werner, Journal of Mathematical Physics 51 (2010), 10.1063/1.3447736.
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Thu – 27 Diamond magnetometry of type-II superconductors using
nitrogen-vacancy centers in nanodiamonds

Saravanan Sengottuvel*1,2, Mariusz Mrózek2, Wojciech Gawlik2, Adam M. Wojciechowski2
1Doctoral School of Exact and Natural Sciences, Jagiellonian University, Łojasiewicza 11, 30-348 Kraków, Poland

2Institute of Physics, Jagiellonian University, Łojasiewicza 11, 30-348 Kraków, Poland

One of the most promising applications of nitrogen-vacancy (NV) centers is studying nanoscale magnetic phe-
nomena in superconducting materials. In particular, NV centers in nanodiamonds provide a microwave-free,
non-invasive platform for probing superconductors through near-zero-field cross-relaxation magnetometry. In this
work, we use NV centers to investigate the magnetic properties of thin-layer of various type-II superconductors.
For this study, we deposited nanodiamonds on thin films of superconductors to measure key parameters, including
the transition temperature and lower critical field. The strong B-field dependence of the NV photoluminescence
allows us to investigate the Meissner effect and other key prameters. Here, we present an all-optical, microwave-
free method that utilizes the NV center in diamond as a non-invasive quantum sensor and shed some light onto the
possibilities for practical applications of unconventional superconductors.

References
[1] Dhungel, Omkar, et al. ”Near zero-field microwave-free magnetometry with ensembles of nitrogen-vacancy centers in
diamond.” Physical Review B 109.22 (2024): 224107.

[2] Dhungel, Omkar, et al. ”Near-zero-field microwave-free magnetometry with nitrogenvacancy centers in nanodiamonds.”
Optics Express 32.12 (2024): 21936-21945.

[3] Sengottuvel, Saravanan, et al. ”Microwave-free imaging magnetometry with nitrogenvacancy centers in nanodiamonds at
near-zero field.” Physical Review Applied 23.3 (2025): 034001
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Thu – 28 Measurement of quantum negativity via moment operators for two-qubits
and qubit-qutrit cases

Patrycja Tulewicz*1, Karol Bartkiewicz1
1Institute of Spintronics and Quantum Information, Faculty of Physics and Astronomy, Adam Mickiewicz University,

PL-61-614 Poznań, Poland

Quantum entanglement detection remains a fundamental challenge in quantum computing, with traditional ap-
proaches limited by exponential scaling. Quantum state tomography requires O(4n) measurements for complete
state reconstruction, making it impractical for larger systems. Linear entanglement witnesses demand prior knowl-
edge of target states, while existing methods face inherent trade-offs between sensitivity and selectivity.

We present a framework that efficiently measures quantum negativity through the statistical moments of par-
tially transposed density matrices without requiring full state tomography. Our approach introduces moment op-
erators Wn that directly access entanglement information via quantum circuits implementing controlled-SWAP
(CSWAP) gate sequences.

The theoretical foundation exploits Newton-Girard identities connecting statistical moments to eigenvalue ex-
traction. Since the direct moment operators are non-Hermitian, we implement Hermitian operators using CSWAP
gate decompositions on quantum hardware.

Our methodology extends to qubit-qutrit systems by mapping the 6-dimensional Hilbert space to an 8-dimensional
three-qubit representation using Bell state encodings. Six moments determine all eigenvalues of the 6 × 6 partial
transpose matrix, enabling entanglement quantification in mixed-dimensional systems.

Simulation validation demonstrates good agreement between theoretical predictions and circuit implementa-
tions for paradigmatic states, including Bell states (maximally entangled), product states (separable), and mixed
separable states. Circuit depth scales linearly with moment order, requiring only single ancilla measurements
compared to exponentially scaling tomographic procedures.

This approach offers significant advantages: polynomial resource scaling versus exponential tomography, im-
plementation compatibility with current quantum hardware, no requirement for prior state knowledge, and direct
entanglement quantification without intermediate density matrix reconstruction. The framework opens pathways
for efficient entanglement detection in multipartite systems and provides practical solutions for near-term quantum
device characterization.

References
[1] A. Peres, Phys. Rev. Lett. 77, 1413 (1996).
[2] M. Horodecki, P. Horodecki, and R. Horodecki, Phys. Lett. A 223, 1 (1996).
[3] K. Bartkiewicz et al., Phys. Rev. A 95, 022331 (2017).
[4] P. Tulewicz et al., in preparation (2024).

*Corresponding author: patrycja.tulewicz@amu.edu.pl



Po
st

er
 s

es
si

on
s

Quantum Optics XI:   1 - 5 September 2025

— 188 —

Th
ur

sd
ay

Thu – 29 
Quantum Optics XI  

The infrastructure of a Polish quantum computer 
M.Semczuk*1,2, S. Fiderkiewicz2, G. Kasprowicz3, Z. Wawrzyniak3, P. Kulik3, M. Sowiński3, M.

Życzkowski2, K. Poźniak3, J. Szmidt3
1.Department of Physics, University of Warsaw, Pasteura 5, 02-93 Warsaw, Poland 

2Institute of Electronics, Military University of Technology, gen. Sylwestra Kaliskiego 2, 00-908 Warsaw, Poland 
3 Faculty of Electronics and Information Technology, Warsaw University of Technology, Nowowiejska 15/19, 00-665 Warsaw, Poland  

Trapped ion quantum computers represent one of the most promising platforms for realizing 
scalable quantum computing. This technology is still in a very early stage of development, but the 
perspective of utilizing the computational speedup for many demanding computational tasks 
attracted attention of many scientists, business and governments. The physics behind quantum 
computing is largely understood, but the technological challenges of constructing an actual quantum 
computer are formidable. These devices have already left research laboratories, but they are still 
closer to advanced prototypes than to machines that could by employed by the industry. This is 
caused, on one hand, by the issue of scaling the qubit number and reducing the error rate, and, on 
the other hand, by not fully matured technologies standing behind the operation of an ion based 
quantum computer, like frequency stabilized lasers.  

This poster presents an overview of the design, implementation, and challenges associated with 
constructing an infrastructure of a quantum computer based on laser-cooled 40Ca+ ions. The 
construction is largely based on technical solutions developed in Poland, especially regarding the 
control electronics and the software. The dual-use aspect of the infrastructure is reflected in the 
ability to provide a secure access for multiple users, both via standard internet connections and by a 
dedicated fiber-optic connection with a remote laboratory. 

*Corresponding author: msemczuk@fuw.edu.pl
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Thu – 30 Progress Towards a Nuclear Spin-Based Optically Pumped Magnetometer
Using Mercury Vapor
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Optically pumped magnetometers (OPMs) have become indispensable tools in both fundamental research and
emerging technologies, with ongoing efforts focused on enhancing sensitivity and miniaturizing active sensing
volumes. In particular, OPM technology has seen limited miniaturization beyond sensing volumes of ≈1 mm3.
This limitation is primarily due to the worse collisional decoherence at smaller vapor cell volumes affecting the
electron spins in the alkali and metastable 4He vapors commonly used. Nuclear spin-based OPMs offer a promising
path toward sensitive sub-mm3 magnetometry by leveraging the long coherence times associated with nuclear spin
ensembles. In particular, mercury (Hg) is an appealing candidate due to its odd isotopes, 199Hg (I = 1/2) and
201Hg (I = 3/2), which possess nonzero nuclear spin in the ground state and can be optically probed and pumped
via the 254 nm 1S0 →3 P1 transition. This transition exhibits high on-resonant optical depth, enabled by mercury’s
high vapor pressure at room temperature.

To date, Hg-based OPMs remain underexplored, with most research efforts focused on application toward
permanent electric dipole moment searches [1,2]. In this work, we present recent progress toward the development
of a mercury-based OPM apparatus, including initial characterization of Hg vapor cells with varying anti-relaxation
coatings, buffer gas pressures, cell geometries, and Hg vapor pressures using a 254 nm laser. Our goals include
exploring the fundamental sensitivity limits of mercury optically pumped magnetometry by leveraging the long
coherence times expected in Hg vapor even at high atomic densities. We also investigate miniaturization strategies
for magnetic microscopy applications that are compatible with the 254 nm UV light required to optically address
mercury atoms. Finally, we aim to explore using the optically addressable nuclear spins in mercury vapor as a
platform for quantum-enhanced metrology.
References
[1] M. D. Swallows, et al., Phys. Rev. A. 87, 012102 (2013)
[2] nEDM Collaboration. Eur. Phys. J. C., (2021), 81:512
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Thu – 31 Size-Independent Nonstabilizerness in Metrological
States

Nonstabilizerness, also known as “magic”, is a resource which quantifies
the amount of beyond-Clifford operations needed to prepare a quantum state.
While entanglement is a well known resource for quantum computations, by
itself is not sufficient to guarantee quantum advantage, achieved when the state
of a quantum device is not tractable by classical computers. Nonstabilizerness
has been established as another resource essential for achieving the quantum
advantage. In this work we study the stabilizer Rényi entropy (SRE), a well-
known measure of nonstabilizerness, from a quantum metrology perspective;
we relate SRE generation through one-axis twisting dynamics with quantum
Fisher information and relevant many-body Bell correlators. Contrary to typical
phenomenology of SRE in many-body systems, we find states for which the SRE
quickly converges with the system size. For instance, particular superporsitions
of n spin-coherent states show fixed values of SRE which, after certain system
sizes, only depend on n. We also study the relation between SRE and many-
body Bell correlations for eigenstates of the Lipking-Meshkov-Glick model. Our
results pave the way for generally defining states which are useful for metrology
but can be classically simulated with high efficiency.

This work was funded by the National Science Centre, Poland, project
2021/03/Y/ST2/00186 within the QuantERA II Programme (DYNAMITE)
that has received funding from the European Union Horizon 2020 research and
innovation programme under Grant agreement No 101017733.
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Thu – 32 Double-driving in a nonlinear ion–nano-wire hybrid system
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Laser-cooled ions confined in strong electromagnetic fields are a well-established tool for atomic and molecular
physics or quantum optics [1,2]. In parallel, nano- and micromechanicals systems have established themselves as
very precise tools [3], notably acting as a cross-over between the microscopic and macroscopic worlds [4,5]. The
perspective of a hybrid system capable to harvest new insights [6] motivates the development of an ion–nano-wire
hybrid system that would be capable to achieve the control and probing of both system with the other [7]. Recently,
we have reported the experimental demonstration of the coupling of 40Ca+ ions with an oscillating charged Ag2Ga
nano-wire [8,9] (Fig. 1). Considering a single-point charge approximation and a monochromatic drive frequency of
the nano-wire, an analytical model for the coupling between the 40Ca+ ion and the nano-wire has been derived (Eq.
1 and 2) and has proved to be in good accordance with the first experimental results [8,9]. Further experiments will
allow to explore capabilities such as amplitude and phase control of the trapped ion or the characterisation of the
interaction. Also this system may provide a good platform for the exploration of the physics of Duffing oscillators,
notably through a double-drive experiment (Eq. 3). This experimental demonstration is a first step towards the
creation of more sophisticated ion–nano-wire couplings in the quantum regime such as inducing coherent states of
motion or the probing and control of the states of an ion and a nano-wire [7].

Fnw = Anw cos(ωnwt+ φnw) (1)

Anw = −qionqnw
4πε0

1

d3nw

(
1− 3

z2nw
d2nw

)
× 184.42 · 10−9 Vpiezo (2)

ẍ+ 2µẋ+ γẋ3 + ω2
0x+ αx3 = ktkl cos(ωtklt+ φtkl) + knw cos(ωnwt+ φnw) (3)

Fig. 1: The ion–nano-wire hybrid system. a. Schematic of the experimental setup. The nano-wire is positioned close to the
trapped ions in a miniaturised trap made of four wafers separated by 400 µm. b. Oscillator maximum velocity vs. relative phase
between the two driving forces of same amplitude (φtkl = 0). Coloured triangles are the numerical solutions of the model for
different anharmonicity constants α. Pink crosses are experimental results.
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Thu – 33 Ultracold molecules
a testbed for physics beyond the Standard Model
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3European Laboratory for Non-Linear Spectroscopy (LENS), Universit‘a di Firenze, 50019 Sesto Fiorentino, Italy

The Standard Model of Particle Physics (SM) provides a good description of matter, radiation, and their inter-
actions. Unfortunately, there are still open questions in science where SM cannot accurately describe observed
phenomena such as the matter-antimatter imbalance. A promising approach to uncovering physics beyond the SM
is to identify novel sources of combined charge and parity (CP) violation. The presence of P, T -odd forces and
permanent electric dipole moments of elementary particles may induce a non-zero molecular dipole moment of
the entire system, leading to subtle shifts in the molecule’s energy structure [1]. In this work, we propose a new
class of molecular systems – ultracold high-spin Σ-state polar molecules, such as YbCr and RaCr – as sensitive
platforms to study CP violation in the hadronic and leptonic sectors. We theoretically modeled the formation of
these molecules from ultracold high-spin spherically symmetric atoms with closed-shell atoms. We found that
these systems can be easily polarized due to the presence of Ω doubling and used for precision measurements. We
analyzed their molecular properties using relativistic ab initio quantum chemical methods. We carefully inves-
tigated enhancement factors describing the sensitivity of molecules to the CP-odd nuclear magnetic quadrupole
moment, electron electric dipole moment and electron-nucleon scalar-pseudoscalar interactions [2]. Possibility
of the formation of YbCr [3] or RaCr in ultracold temperatures makes them great for high-precision experiments
due to enhanced sensitivity of an experiment. In this manner, we want to pave the way for a new class of very
promising systems for the next generation of SM-physics searches at the low-energy frontier.
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Demonstration of Fourier-domain Quantum Optical Coherence Tomography for a fast
tomographic quantum imaging

Sylwia M. Kolenderska,1, 2 F. Crislane Vieira de Brito,1, ∗ and Piotr Kolenderski1
1Institute of Physics, Faculty of Physics, Astronomy and Informatics,

Nicolaus Copernicus University in Toruń, ul. Grudziądzka 5, 87-100 Toruń, Poland
2School of Physical and Chemical Sciences, University of Canterbury, Christchurch, New Zealand

Using spectrally correlated photon pairs instead of classical laser light and coincidence detection
instead of light intensity detection, Quantum Optical Coherence Tomography (Q-OCT) outperforms
classical OCT in several experimental terms. It provides twice better axial resolution with the same
spectral bandwidth and it is immune to even-order chromatic dispersion, including Group Velocity
Dispersion responsible for the bulk of axial resolution degradation in the OCT images. Q-OCT has
been performed in the time domain configuration, where one line of the two-dimensional image is
acquired by axially translating the mirror in the interferometer’s reference arm and measuring the
coincidence rate of photons arriving at two single-photon-sensitive detectors. Although successful at
producing resolution-doubled and dispersion-cancelled images, it is still relatively slow and cannot
compete with its classical counterpart. Here, we experimentally demonstrate Q-OCT in a novel
Fourier-domain configuration, theoretically proposed in 2020, where the reference mirror is fixed and
the joint spectra are acquired. We show that such a configuration allows for faster image acquisition
than its time-domain configuration, providing a step forward towards a practical and competitive
solution in the OCT arena. The limitations of the novel approach are discussed, contrasted with
the limitations of both the time-domain approach and the traditional OCT.
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Thu – 35 Adressing Challenges in Near-Infrared Squeezed Light Generation:
Absorption Effects and Phase Stabilization

Santiago Tabares*1, Diana Mendez1, Aleksandra Sierant†1 and Morgan W. Mitchell1,2
1ICFO - Institut de Ciències Fotòniques, The Barcelona Institute of Science and Technology, Castelldefels (Barcelona) 08860,

Spain
2ICREA - Institució Catalana de Recerca i Estudis Avançats, Barcelona 08010, Spain

A light squeezer is an optical system that exploits Heisenberg’s uncertainty principle, reducing quantum noise in
one quadrature of the electromagnetic field at the expense of increased noise in the conjugate quadrature. Common
implementations of light squeezers include optical parametric oscillators (OPOs), where a nonlinear crystal inside
a resonator mixes two beams (pump and signal), converting energy from the pump wavelength to the wavelength
of interest in a process known as parametric down-conversion. Typically, the higher the pump power, the greater
the squeezing achieved, with squeeze factors reaching values between 13 and 15 dB [1, 2]. However, when the
wavelength of interest lies close near-infrared spectrum, the pump (whose wavelength lies near blue spectrum)
induces absorption of the signal beam by the crystal, converting optical power into heat in a process known as Blue
Light Induced InfraRed Absorption (BLIIRA)[3].
Here we present an initial design of our new light-squeezer at the Rubidium D1 transition-resonant wavelength,
based on the design proposed by [4], with a primary focus on the OPO design. The detrimental effects of BLIIRA
will be explained, along with the choice of a proper crystal to mitigate it. Additionally, a dual coherent locking
technique to lock the phases of the pump and a local oscillator -similar to that found in [5]- will also be described.

The project that led to these results received the support of a fellowship from Fundación Ramón Areces.
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[3] S. Tjörnhammar, V. Maestroni, A. Zukauskas, T. K. Uždavinys, C. Canalias, F. Laurell, and V. Pasiskevicius, “Infrared
absorption in ktp isomorphs induced with blue picosecond pulses,” Opt. Mater. Express, vol. 5, pp. 2951–2963, Dec 2015.
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Thu – 36 Mid-infrared scanning microscopy with undetected photons 
Josué R. León Torres*1,2,3, Vasile-Laurentiu Dosan1,4,5, Marija Ćurčić†6, Oliver de Vries4, Frank 

Setzpfandt1,2, Markus Gräfe2,7, Valerio Flavio Gili2 
1. Abbe Center of Photonics, Friedrich Schiller University Jena, Albert-Einstein-Straße 6, 07745 Jena, 

Germany 
2Fraunhofer Institute for Applied Optics and Precision Engineering IOF, Albert-Einstein-Straße 7, 07745 Jena, Germany 

3Cluster of Excellence Balance of the Microverse, Friedrich Schiller University Jena, Jena, Germany 
4Quantum Optics Jena GmbH, Am Zementwerk 8, 07745 Jena, Germany 

5Max Planck School of Photonics, Friedrich Schiller University Jena, Albert-Einstein-Straße 15, 07745, Jena, Germany 
6Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Zemun, Belgrade, Serbia 

7Institute for Applied Physics, Technical University of Darmstadt, Otto-Bernd-Straße 3, 64287 Darmstadt, Germany 

Method of quantum imaging with undetected photons (QIUP) [1] has been decisive in extending the 
accessible spectral range for probing and imaging of biological samples. The classical MIR imaging techniques 
use mid-infrared sources and detectors which are costly, noisy and with a poor performance in respect to the 
visible and NIR counterparts. On the other hand, microscopic imaging with QIUP scheme is a cost effective and 
powerful method for hypersectral imaging which could help to reliably distinguish between different cells and 
tissues morphologies. Additionally, imaging at the single photon level prevents photo- and thermal damage of 
the bio-samples.   

We will present our quantum interferometric set-up, exploiting induce coherence phenomena [2], while 
employing nonlinear crystal as a medium for generation of entangled, highly nondegenerate photon pair (signal 
and idler) via SPDC (spontaneous parametric down-conversion) process. The interferometer, in Michelson 
configuration, is formed in a double pass of the pump through 30 mm long ppKTP crystal [3]. The bio-sample to 
be imaged is put on the path of the idler photons (λi=2400 nm), while the information on the absorption and the 
phase of the idler upon the interaction with the object is obtained solely from the detected signal photons (λs=487 
nm). Furthermore, with the particular design of the experimental scheme and the point-wise detection, we have 
managed to obtain special resolution of 16.7±3 µm, well below predicted values for the standard QIUPs relying 
on the spatial correlations.   

We will demonstrate the capabilities of our system for acquiring the images of biological samples. This 
study provides a foundation for future improvements in the design and optimization of the scanning QIUP 
schemes. 
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Thu – 37 Optical pumping and re-pumping with frequency modulated light for
high accuracy magnetometry using Cs vapor cell

Z.D. Grujić*1, M. Ćurčić1, A. Kocić1, T. Scholtes2
1Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2Leibniz Institute of Photonic Technology, Albert-Einstein-Strasse 9, D-07745 Jena, Germany

We demonstrate a novel approach for optical pumping (OP) to increase sensitivity of free alignment precession
(FAP) based magnetometer. The sensing element is cesium (Cs) vapor cell with paraffin antirelaxation coating.
The Pump-Repump with Frequency Modulation (PRFM) technique employs a single laser source to achieve simul-
taneous optical pumping and repumping of Cs atoms within a vapor cell. Unlike conventional methods that rely
on amplitude modulation (AM), PRFM leverages frequency modulation (FM) of the laser’s wavelength to address
multiple atomic transitions concurrently.

One measurement cycle of a FAP magnetometer consists of a pump and probe intervals as presented in Fig. 1.
Pump light intensity is modulated at double of Larmor frequency. The pump should produce maximal alignment
in shortest interval. Length of the probe interval is limited by relaxation rate and noise level. Cramer-Rao Lower
Bound Limit (CRLB)[1] is used as criteria for optimization. If pump is too intensive or too long the amplitude of
the FAP will be reduced.

Specifically, the frequency-modulated laser output is tailored such that distinct portions of its spectral band-
width are resonant with different transitions within the Cs atom’s ground-state hyperfine structure. A component
of the laser spectrum performs OP of atoms on the Fg = 4 → Fe = 3 transition (D1 line), thereby producing the
spin alignment used for magnetic field sensing. Simultaneously, another spectral component performs repumping
of atoms from the Fg = 3 ground state back into the Fg = 4 ground state over excited states. This continuous
repumping action mitigates population accumulation in the Fg = 3 state, which would otherwise reduce the FAP
signal amplitude. According to our preliminary theoretical and experimental data, the pump intensity nor length
of the pump interval do not reduce maximal alignment.

By performing optical pumping and repumping concurrently with a single, frequency-modulated light source,
PRFM minimizes dead time and maximizes the utilization of available atoms. This results in an enhanced FAP
signal, improved magnetometer sensitivity, and the potential for increased sampling rates. Furthermore, the simul-
taneous excitation of both ground states facilitates the potential for simultaneous readout of Larmor frequencies
from both Fg = 3 and Fg = 4 states, enabling more comprehensive characterization of the applied magnetic field.

This technique has potential applications in diverse fields including Earth’s field anomaly detection, biomag-
netism, exotic physics searches within the Global Network of Optical Magnetometers to search for Exotic physics
(GNOME)[2], measurement of neutron electrical dipole moment (nEDM)[3], etc.

Fig. 1: Graphical presentation of FAP magnetometer measurement cycle.
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Thu – 38 Optimal measurement induced squeezing for CV cluster states
M. Matulı́k*1, R. Filip1, P. Marek1

1Department of Optics, Palacky University, 17. listopadu 1192/12, 771 46 Olomouc, Czech Republic

In recent years, there has been rapid development in continuous variable quantum computing (CVQC). Clus-
ter states, which are necessary for CVQC, are commonly created in laboratories [1]. On the way to quantum
supremacy, Gaussian operations should be implemented as efficiently as possible because cluster states suffer
from losses. We find the optimal method for squeezing in the simplest cluster state, the teleportation scheme. The
teleportation scheme in continuous variables can be adapted to teleport and squeeze the input state. This can be
done by changing the measurement angles of homodyne detectors [2]. A new approach to measurement-induced
squeezing has been introduced [3]. The static beam splitters are replaced with variable ones. This improves
squeezing to noise ratio. We compare these two methods, [2] and [3], using the fidelity and properties of the
Wigner function.

References
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[2] B. W. Walshe, B. Q. Baragiola, R. N. Alexander, N. C. Menicucci, Continuous-variable gate teleportation and bosonic-
code error correction, Phys. Rev. A 102, 062411 (2020)
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Thu – 39 Reconstruction of Quantum Gates using Quantum Process Tomography
Arash Dezhang Fard*1,2, Yujie Sun, Marek Kopciuch4, Adam Miranowicz4, Szymon Pustelny1,3

1Marian Smoluchowski Institute of Physics, Jagiellonian University in Kraków, 30-348 Kraków, Poland
2Doctoral School of Exact and Natural Sciences, Jagiellonian University in Kraków, 30-348 Kraków, Poland

3Department of Physics, Harvard University, Cambridge, MA 02138, USA
4Institute of Spintronics and Quantum Information, Faculty of Physics, Adam Mickiewicz University, 61-614 Poznań, Poland

Quantum gate reconstruction plays a crucial role in quantum computing by enabling the verification and character-
ization of quantum operations. Quantum Process Tomography (QPT) is a powerful technique that is used to fully
reconstruct the process matrix of a quantum gate, providing a comprehensive understanding of its behavior. By
utilizing QPT, one can identify imperfections in quantum gates, making it an essential tool for the development of
reliable quantum computing systems.

In this study, we present our experimental investigations on the reconstruction of quantum gates using the QPT
technique in the qutrit system. The core of our experimental setup is a room-temperature 87Rb atomic vapor cell,
which contains two hyperfine ground states with F = 1 and F = 2 (F is the total angular momentum). To achieve
a qutrit system, the F = 2 state is depleted using a laser beam. To perform the QPT, a set of initial states corre-
sponding to the Gell-Mann matrices is chosen. By comparing initial states with their evolved counterparts, we gain
insight into the quantum process. For more insightful characterization of the measured process, we reconstructed
the minimal set of Kraus maps that describe measured process. We demonstrate the reconstruction of some funda-
mental quantum gates, showcasing the high precision of the gate reconstruction using the QPT technique [1,2,3].

References
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2412.07610, 2024.
[2] Y. Sun, M. Kopciuch, A. D. Fard, A. Miranowicz, and S. Pustelny Quantum Process Tomography of Room-Temperature
Alkali-Metal Vapor, In preparation.
[3] A. D. Fard, Y. Sun, M. Kopciuch, A. Miranowicz, and S. Pustelny Reconstruction of Quantum Gates via Quantum Process
Tomography, In preparation.
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Thu – 40 Propagation of Optical Vector Vortices in an Atomic System with Closed-
Loop Tripod Configuration 

Viačeslav Kudriašov1, Mazena Mackoit Sinkevičiene1, Nilamoni Daloi2, Julius Ruseckas3, Tarak N. Dey4, 
Sonja Franke-Arnold5, and Hamid R. Hamedi*1, 

1Institute of Theoretical Physics and Astronomy, Vilnius University, Sauletekio 3, Vilnius LT-10257, Lithuania 

2Rochester Institute of Technology, Rochester, New York 14623, USA 

3Baltic Institute of Advanced Technology, LT-01403 Vilnius, Lithuania 

4Department of Physics, Indian Institute of Technology Guwahati, Guwahati 781039, Assam, India 

5School of Physics and Astronomy, University of Glasgow, G12 8QQ, United Kingdom 

 

 

We investigate the propagation of an optical vector vortex beam in an atomic medium featuring four-level tripod 
transitions, where ground-state coherence is mediated by a transverse magnetic field [1]. The vector beam 
consists of left- and right-circularly polarized components, each carrying an optical vortex with opposite orbital 
angular momentum (OAM). We study the linear response of the medium to the vector beam in order to 
determine the evolution of the beam’s intensity and polariza tion profile.  

We find that the beam structure undergoes significant transformations as it propagates: the transverse intensity 
evolves from a ring-shaped profile to a petal-like structure, while the polarization transitions between left-
circular, linear, and right-circular polarizations [2].  

 

 

 
Fig. 1: Schematic diagram of a four-level closed atomic system. 
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Thu – 41 Non-Hermitian Dynamics of Atomic Systems: The Spectral Role of
Quantum Jumps

M. Kopciuch*1, A.D. Fard2,3, S. Pustelny2, A. Miranowicz1
1Institute of Spintronics and Quantum Information, Faculty of Physics and Astronomy, Adam Mickiewicz University, 61-614

Poznań, Poland
2Marian Smoluchowski Institute of Physics, Jagiellonian University in Kraków, 30-348 Kraków, Poland

3Doctoral School of Exact and Natural Sciences, Jagiellonian University, Faculty of Physics, Astronomy and Applied
Computer Sciences, Łojasiewicza 11, 30-348 Kraków, Poland

Non-Hermitian quantum physics has recently garnered significant interest due to its ability to describe energy
dissipation in open quantum systems and to predict exotic phenomena such as exceptional points (EPs). In this
context, non-Hermitian dynamics is often modeled using non-Hermitian Hamiltonians (NHHs). While these have
been successfully applied in various platforms–particularly in photonic systems [1–3]–their use is now extending
to a wider range of systems, including thermal atomic ensembles [4]. However, for some systems, an accurate
description of the dynamics often requires a more complete treatment beyond NHHs [5–7].

We investigate this discrepancy using a model of an open atomic system with two hyperfine states (F = 1 and
F ′ = 0), analyzed using the formalism of effective operators [8]. By comparing the eigenvalue spectra obtained
from both an NHH and a Liouvillian superoperator, we analyze the emergence and properties of Hamiltonian and
Liouvillian exceptional points, as well as diabolical points.

Our results show that, for atomic systems, relying solely on NHHs can be insufficient for accurately capturing
the system’s spectral features. While NHHs can provide correct predictions in specific scenarios, a full descrip-
tion generally requires the Liouvillian superoperator, which governs the Lindblad master equation and explicitly
incorporates quantum jump terms. We demonstrate that the inclusion of quantum jumps via the Liouvillian for-
malism can fundamentally alter the spectral properties of the system. Specifically, we present examples where the
existence, location in parameter space, or the order of spectral degeneracies differ significantly between the two
approaches, underscoring situations where the NHH description breaks down.

Furthermore, by leveraging the hybrid-Liouvillian formalism [9], we illustrate how quantum jumps influence
the spectral features predicted by the NHH, ultimately shaping the full spectrum as governed by the Liouvillian.
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Quantum Optics XI 

Dual-type dual-element atom arrays for quantum information processing

W. Xu1,2 T. A. Zheng2,1, F. J. Vivanco2,1, J. Arunseangroj1,2, M. Zahedian1,2, L. F. Martinez1,2, Z. 
Zhang1,2, G. Ferrero1,2, F. Vouzinas1,2

1ETH Zürich, Zürich, Switzerland
2Paul Scherrer Institute, Villigen, Switzerland

Optical tweezer arrays of individually trapped atoms have emerged as a powerful platform for quantum 
computation and simulation. Nonetheless, several key challenges remain, including limited experimental 
repetition rates, scalable local addressability, and fast, non-destructive, and selective readout. To overcome these 
limitations, we are developing a novel dual-type dual-species Yb–Rb atom array architecture with the long-term 
goal of enabling large-scale, fault-tolerant quantum computation and simulation. 

In our approach, single Yb atoms—known for their long nuclear spin coherence times—serve as data qubits, 
while Rb atomic ensembles—with their enhanced collective optical response—function as ancilla. This 
combination enables reconfigurable local operations, rapid and non-destructive readout of data qubits, and novel 
schemes for establishing optical quantum links. Detailed numerical simulations suggest that our protocols can 
achieve high fidelities under realistic experimental conditions, supporting individually addressable single- and 
multi-qubit operations with fidelities of 99.5% and 99.9%, respectively, as well as fast single- and multi-qubit 
state readout with fidelities exceeding 99% within tens of microseconds. These capabilities open new pathways 
toward scalable, fault-tolerant quantum computation, enabling repetitive error syndrome detection and efficient 
generation of long-range entangled many-body states, thereby expanding the quantum information toolbox 
beyond existing platforms [1-2]. 

As part of this effort, we are currently performing spectroscopic measurements of Yb–Rb Rydberg pair 
interactions, which will serve to benchmark theoretical models of Rydberg states in multi-valence-electron atoms 
and advance the state of the art in tweezer-array-based quantum processors.
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Thu – 43 Vibrationally coupled Rydberg atom-ion molecules
Ilango Maran*1, Liam J. Bond2,3, Jeremy T. Young3, Arghavan Safavi-Naini2,3, Rene Gerritsma1,2
1Van der Waals-Zeeman Institute, Institute of Physics, University of Amsterdam, 1098 XH Amsterdam, Netherlands

2QuSoft, Science Park 123, 1098 XG Amsterdam, the Netherlands
3Institute for Theoretical Physics, Institute of Physics, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, the

Netherlands

Recently, a new type of a long range molecule consisting of an ion and a Rydberg atom popularly known as
Rydberg atom-ion molecules (RAIMs) has been theoretically proposed [1, 2] and experimentally observed in an
ultracold cloud of 87Rb atoms [3]. We use a hybrid atom-ion system to create a linear crystal of ions in a Paul
trap with RAIMs attached to its either end to generate ion-mediated Rydberg-Rydberg interactions. We propose
a scheme to utilise the common motional modes of a crystal of trapped ions to enhance (facilitation) or suppress
(blockade) the probability of forming two RAIMs at the ends of the chain, replacing the typical blockade radius set
by the dipole-dipole interaction by the length of the ion crystal. We use detailed Floquet analysis to demonstrate the
feasibility of our scheme in the presence of the time dependent rf potential of the Paul trap and identify parameter
regimes where the RAIM survives, using an approach based on Landau-Zener-Stückleberg interferometry which
studies the effect of an oscillating field on Landau-Zener (LZ) processes [4], aided by scaling arguments. Lastly,
we outline future plans on how these RAIMs could potentially be detected in our hybrid atom-ion experiment [5]
without the application of an ion microscope.
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Thu – 44 Measurement compatibility in multiparameter quantum interferometry
J. Jayakumar1,2, M. Barbieri3, M. Stobińska2
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It is well-known that the Holevo Cramér-Rao bound (HCRB) represents the ultimate precision limit in the multi-
parameter setting [1]. However, in general, the fact that it can be fully attained with collective measurements on
a large number of copies of the probe state remains purely theoretical [2]. Thus, the realization of this theoretical
limit with experimentally implementable metrological schemes requires careful consideration of certain limita-
tions—namely, the challenges of implementing collective measurements, the fragility of the estimation process to
losses, and the availability of a limited number of copies of the probe state.

Towards this goal, we use a figure of merit quantifying the attainability of the HCRB with a separable mea-
surement known as measurement compatibility. We evaluate this measure by considering quantum interferometry
for an important class of probe states known as the generalized Holland-Burnett (gHB) states [3] and for double
homodyne measurement, standard benchmarks for these applications. We focus on the joint estimation of phase
and loss, as well as the joint estimation of phase and phase diffusion.

In our examples, we numerically explore the conditions under which minimal measurement compatibility is
achieved, both by varying the parameter weights at a fixed values of losses and by varying the losses with equal
weights for the parameters (see Fig. 1). We also contrast the measurement compatibility with the fundamental
compatibility [4] that is intrinsic to the problem, and identify the extra incompatibility arising due to the choice of
our measurement.
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Fig. 1: Joint-estimation of phase and losses: Three-dimensional plots of measurement compatibility rCH (panel (a)) and fundamental compat-
ibility rBG (panel (b)) seen as a function of the losses, ηa and ηb, in each arm with equal weights i.e., at y = 0.5. The probe state considered
here is the gHB state |ΨgHB(0, N)⟩ with N = 2 (blue dots) and N = 4 (red dots) which create smooth surfaces. Note that the points closer
to low values of losses exhibit high measurement and fundamental compatibilities. Also, the fundamental compatibility does not vary with
respect to the chosen values of N for almost all pairs of values of losses.
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Thu – 45 Pauli crystall superradiance
D. Ortuño-Gonzalez*1, R. Lin†2, J. Stefaniak3, A. Baumgärtner3,4, G. Natale3, T. Donner‡3, R. Chitra1

1Institute for Theoretical Physics, ETH Zürich, Wolfgang-Pauli-Str. 27, CH-8049 Zurich, Switzerland
2Quantum Science Center of Guangdong-Hong Kong-Macao Greater Bay Area, 518045 Shenzhen, China

3Institute for Quantum Electronics, ETH Zürich, Otto-Stern-Weg 1, CH-8049 Zurich, Switzerland
4JILA, University of Colorado and National Institute of Standards and Technology, Boulder, Colorado 80309, USA

Pauli crystals are unique geometric structures of non-interacting fermions, resembling crystals, that emerge solely
from Fermi statistics and confinement [1]. Unlike genuine quantum crystals that arise from interparticle interac-
tions, Pauli crystals do not break translation symmetry but nonetheless exhibit nontrivial many-body correlations.
In this work [2], we explore Pauli crystal formation in a cavity-fermion setup. We analytically show that when
coupled to a cavity, degeneracy in Pauli crystals can trigger zero-threshold transitions to superradiance. This su-
perradiance is accompanied by the emergence of a genuine quantum crystalline state, wherein the atomic density
is periodically modulated. We substantiate our findings using state-of-the-art numerical simulations [3]. The com-
bined interplay between statistics, confinement geometry and interactions mediated by light thus facilitates a novel
pathway to quantum crystallization.

Fig. 1: (a-c) Pauli crystals in a 2λ × 2λ square box in an optical cavity and driven by laser pumps (grey arrows). (a) For
N = 8 fermions and at weak pump strength, the unique Pauli crystal ground state remains unchanged and the cavity is empty.
(b) For N = 8 fermions and beyond a critical pump strength, the Pauli crystal self-organizes into a checkerboard pattern,
while triggering superradiant scattering of photons into the cavity (red arrows). (c) With N = 7 fermions, the Pauli crystal has
degenerate ground states coupled to cavity. The system chooses a configuration maximizing the coherent cavity field already
at vanishing pump field. (d) Cavity field as a net displaced harmonic oscillator by the atomic order. (e) Synthetic momentum
lattice for a single-particle in a square box, with each eigenmode denoted by its energy. Highlighted pairs of degenerate
eigenmodes have cavity mediated coupling F+ − F− = ±W 2

na,nb
. Coupling sign reflects the two Z2 cavity states associated

to q± (colored links). As the spinless fermions fill the eigenmodes, the system exhibits soft transitions if the most energetic
fermion occupies an (anti-)symmetric superposition of one of these eigenmode pairs. Otherwise, the system exhibits usual
Dicke superradiance between eigenmodes with different energies (dashed arrows). (f) (Anti-)symmetric superposition of Pauli
crystals correspond to an elongated Fermi sea along directions of q± which scatters light in the form of a coherent state |∓α⟩.
Figure taken from [2].
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Thu – 46 Cesium Microcell Optical Reference at 459 nm With a Frequency Stability
in the Low 10−13 Range at 1 s

E. Klinger∗1, C. M. Rivera-Aguilar1, A. Mursa1, Q. A.A. Tanguy1, N. Passilly1, R. Boudot1,
1Institut FEMTO-ST, Université Marie et Louis Pasteur, SUPMICROTECH, CNRS, F-25000 Besançon, France

Microfabricated (MEMS) alkali vapor cells are at the core of high precision integrated atomic quantum sensors
and devices [1], such as microwave and optical clocks, or magnetometers. The first chip-scale atomic device
was a microwave atomic clock based on coherent population trapping [2]. It has offered in its industrial and
commercialized version an ultra-low size-power-instability budget, impacting a plethora of industrial and scientific
applications. Nevertheless, the short-term stability of these clocks is usually limited at about 10−10 at 1 s.

Hot vapor MEMS-based optical frequency standards constitute a new generation of miniaturized clocks, with
enhanced stability. These references keep the benefit of using wafer-scalable and mass-producible vapor cells while
preventing ultra-high vacuum technologies and laser cooling. Among the transitions explored, the 6S1/2 − 7P1/2

transition at 459 nm of Cs atoms was used to demonstrate an optical reference with a stability of 2.1 × 10−13 at
1 s and averaging down to a few 10−14 [3]. However, this reference was based on a 5 cm-long glass-blown cell
and an electo-optic modulator, not compliant with the advent of a fully-miniaturized and low-power optical clock.

In a previous work [4], we have characterized the sub-Doppler resonances detected in a microfabricated cell
by probing, with saturated absorption spectroscopy (SAS), the Cs atom 6S1/2 − 7P1/2 transition at 459 nm. The
impact of the laser intensity and cell temperature on the sub-Doppler resonance was experimentally investigated.
Optimal values were identified for the development of a microcell-stabilized frequency reference at 459 nm.

In this work, we describe the implementation and short-term frequency stability characterization of external-
cavity diode lasers stabilized onto the 6S1/2 − 7P1/2 transition of Cs atom at 459 nm, using a microfabricated
vapor cell, in a basic retroreflected configuration saturated absorption spectroscopy setup (see Fig. 1). The laser
beatnote obtained between two quasi-identical systems demonstrates an instability of 2.5× 10−13 at 1s, currently
limited by the laser FM noise through the FM-AM conversion process and the intermodulation effect, and in good
agreement with the noise budget [5]. The stability averages down at the level of 4 × 10−14 at 100 s. Sensitivity
coefficients of the laser beatnote frequency to the laser power at the cell input and cell temperature variations are
currently being measured. The latest results will be presented at the conference.
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Fig. 1: Two lasers, tuned at 459 nm, are stabilized onto a Cs vapor microfabricated cell in a simple SAS configura-
tion. The frequency of the first laser is shifted by 110 MHz using an acousto-optic modulator to create a beatnote
between the two qusi-identical systems. When both lasers are locked, the beatnote demonstrates an instability of
2.5× 10−13 at 1 s and 4× 10−14 at 100 s.
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Thu – 47 Josephson dynamics of one-dimensional ultradilute quantum liquids
Marek Tylutki*1, Piotr Wysocki2,1, Krzysztof Jachymski2, Grigori E. Astrakharchik3

1Faculty of Physics, Warsaw University of Technology, Ulica Koszykowa 75, PL-00662 Warsaw, Poland
2Faculty of Physics, University of Warsaw, Pasteura 5, PL-02093 Warsaw, Poland

3Departament de Fı́sica, Universitat Politècnica de Catalunya, E-08034 Barcelona, Spain

The progress in cooling and control of ultracold quantum gases and their mixtures has allowed for engineering
new states of matter in laboratories. For example, such system could be an ultradilute quantum liquid in a binary
mixture of Bose-Einstein condensates [1], where a low compressibility favours constant bulk density and allows for
formation of finite-size quantum droplets. We study one-dimensional ultradilute quantum liquids in the context of
their collective excitations and Josephson dynamics. The Josephson oscillations are characterized by dynamics that
differs from that of a single-component Bose-Einstein condensate and is characterized by non-linear localization
revivals [2].
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The entanglement and Legget-Garg inequality in a two-mode bosonic 
system. 

W. Leoński1, J. K. Kalaga1, A. Kowalewska-Kudłaszyk2 and J. Perina Jr.3 
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1Quantum Optics and Engineering Division, Institute of Physics, University of Zielona Góra, 
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2Nonlinear Optics Division, ISQI, Faculty of Physics, A. Mickiewicz University, Poznań, Poland 
3Joint Laboratory of Optics, Faculty of Science, Palacký University, Czech Republic, Olomouc, 
Czech Republic 

We consider a model consisting of quantum nonlinear oscillators that are 
mutually coupled and continuously driven by an external coherent EM field. 
For such a model, we focus on temporal correlations and investigate the 
violation of the Leggett-Garg Inequality (LGI). By analyzing different 
measurement scenarios based on projection onto different Bell states, we show 
that the possibility of violating the LGI is related to the use of different 
projectors.
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Resonances in quantum waveguides systems  
S. Kondej*1 

1.Institute of Physics, University of Zielona Góra, ul. Szafrana 4a, 65246 Zielona Góra, Poland 

We present the study of various two- and three-dimensional non-relativistic quantum systems with symptotically 
straight so called "soft waveguides". We focus on locally deformed symmetric waveguides and show that 
embedded eigenvalues become resonances under weak deformation. We analyze the asymptotic behavior of the 
corresponding complex poles as a function of the deformation. 

We consider also a two-dimensional waveguide with a transversally invariant profile and a perturbation located 
at distance r. Under suitable assumptions, the resolvent exhibits a second-sheet pole at z(r), whose imaginary 
part satisfies Fermi’s golden rule, which we explicitly derive. 

We present also the studies of Dirichlet waveguides in Rn (n=2,3) with an attached cavity. We show how the 
characteristics of resonances depends of a small gap in the cavity.   
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